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Preface

It is appropriate that I first acknowledge my appreciation to Professor Leo Grigsby for inviting me to
prepare the chapter on power transformers for the first edition (2001) of his now very popular Electric
Power Engineering Handbook. From this evolved the recognition that two chapters from the 2001
Handbook, those for (1) substations and (2) transformers, could be extracted, expanded, and be offered
as stand-alone books while retaining the composite association with Professor Grigsby’s overall work.
Thus, the first edition of Electric Power Transformer Engineering was offered by CRC Press in 2004.

As editor of the book, my charge to the chapter authors was to direct their messages to engineers who
know the basic physics, or applications, or possess a hands-on working knowledge of power transfor-
mers. Thus, it is believed that all persons with a power transformer background experience, be they
merely curious, seasoned professionals, or acknowledged experts, will find much in the book with which
to relate, and that all such readers will glean material appropriate to their individual degree of expertise.

The book is divided into three groups:

Chapter 1. Theory and Principles
Iustrates to electrical engineers the relevant theories and principles (concepts and mathematics) of
power transformers

Chapters 2 through 10
Devote a complete chapter to each of nine particular embodiments of power transformers and closely
related apparatus

+ Power Transformers

+ Distribution Transformers

* Phase-Shifting Transformers

* Rectifier Transformers

* Dry-Type Transformers

+ Instrument Transformers

+ Step-Voltage Regulators

+ Constant-Voltage Transformers
* Reactors

Chapters 11 through 24
Delves into 14 ancillary topics that are fundamental to the operation or design of the basic transformer

* Insulating Media

* Electrical Bushings

* Load Tap Changers

* Loading and Thermal Performance
+ Transformer Connections
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Transformer Testing

Load-Tap-Change Control and Transformer Paralleling

Power Transformer Protection

Causes and Effects of Transformer Sound Levels

Transient-Voltage Response

Transformer Installation and Maintenance

Problem and Failure Investigation

On-Line Monitoring of Liquid-Immersed Transformers

United States Power Transformer Equipment Standards and Processes

Typical of each chapter are photographs, equations, and tabular data appropriate to the discussion.

For my part, the manner in which I have been most useful to the production of this book is simply by
virtue of the long-standing (and always most enjoyable) association I have had with the experts who are
the chapter authors. Each author has enthusiastically supported the effort. This reveals a window into
the unselfish attitude of the community of power transformer engineers, without whom this book would
not have been possible.

James H. Harlow

© 2006 by Taylor & Francis Group, LLC.



Editor

James H. Harlow is self-employed as principal of Harlow Engineering Associates, consulting to the
electric power industry since 1996. Before this, he had 34 years of industry experience with Siemens (and
its predecessor company Allis-Chalmers) and Beckwith Electric. While at these firms, he managed or
conducted groundbreaking projects that blended electronics into power transformer applications. Two
such projects were the introduction of the first intelligent electronic device used in quantity in utility
substation environments and a power-thyristor-based product for arc mitigation for load tap changing
in power step-voltage regulators.

Harlow received his BSEE from Lafayette College, MBA (statistics) from Jacksonville State University,
and MS (electric power) from Mississippi State University. In 1982, he joined the IEEE-PES Transform-
ers Committee serving in various capacities before becoming an officer, culminating as chair of the
committee (1994-1995). In this capacity, he exercised oversight of all power transformer standards
sponsored by the IEEE. During this period, he served on the IEEE delegation to the ANSI C57 Main
Committee (Transformers). As chair of the transformers committee, he was a member of the IEEE-PES
Technical Council, the assemblage of leaders of the 17 technical committees that comprise the IEEE
Power Engineering Society. His continued involvement led to serving as PES vice president of technical
activities and chair of the technical council during 2001-2002.

Harlow has authored more than 30 technical articles and papers besides serving as editor of the
transformer section of the 2001 edition of The Electric Power Engineering Handbook, CRC Press. His
editorial contribution within this handbook is the section on his specialty, “LTC Control and Trans-
former Paralleling.” A holder of five U.S. patents, Harlow is a registered professional engineer and a life
senior member of the IEEE.
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Theory and Principles

1.1 Air Core TransfOrmer.......ccccevueevireeenineenireecntneeeseeeeeees 1-1
1.2 Tron or Steel Core Transformer........cocoeeeveverereeerererererenene 1-2
Dennis J. Allan 1.3 Equivalent Circuit of an Iron-Core Transformer ............ 1-4
Merlin Design 1.4 The Practical TransfOrmer .......ccoeeeievevveveeneeeeseeereeeeeenns 1-8
Magnetic Circuit * Leakage Reactance * Load Losses ¢
Harold Moore Short-Circuit Forces * Thermal Considerations ¢
H. Moore and Associates Voltage Considerations

Transformers are devices that transfer energy from one circuit to another by means of a common
magnetic field. In all cases except autotransformers, there is no direct electrical connection from one
circuit to the other.

When an alternating current flows in a conductor, a magnetic field exists around the conductor, as
illustrated in Figure 1.1. If another conductor is placed in the field created by the first conductor such
that the flux lines link the second conductor, as shown in Figure 1.2, then a voltage is induced into the
second conductor. The use of a magnetic field from one coil to induce a voltage into a second coil is
the principle on which transformer theory and application is based.

1.1 Air Core Transformer

Some small transformers for low-power applications are constructed with air between the two coils.
Such transformers are inefficient because the percentage of the flux from the first coil that links the
second coil is small. The voltage induced in the second coil is determined as follows.

E =N dd/dt 10 (1.1)

where
N is the number of turns in the coil
dé/dt is the time rate of change of flux linking the coil
¢ is the flux in lines

At a time when the applied voltage to the coil is E and the flux linking the coils is ¢ lines, the
instantaneous voltage of the supply is:

e=+/2Ecoswt =N dd/dt 10° (1.2)

d¢/dt = (v/2 cos wt 10%) /N (1.3)
The maximum value of ¢ is given by:

b = (v/2 E 10%)/(2mf N) (1.4)
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Current carrying
conductor

- Flux lines
FIGURE 1.1 Magnetic field around conductor.
Using the MKS (metric) system, where ¢ is the flux in webers,
E =N dd/dt (1.5)
and
b = (y2E)/(2 m £ N) (1.6)

Since the amount of flux ¢ linking the second coil is a small percentage of the flux from the first coil,
the voltage induced into the second coil is small. The number of turns can be increased to increase the
voltage output, but this will increase costs. The need then is to increase the amount of flux from the first
coil that links the second coil.

1.2 Tron or Steel Core Transformer

The ability of iron or steel to carry magnetic flux is much greater than air. This ability to carry flux is
called permeability. Modern electrical steels have permeabilities in the order of 1500 compared with 1.0
for air. This means that the ability of a steel core to carry magnetic flux is 1500 times that of air.
Steel cores were used in power transformers when alternating current circuits for distribution of
electrical energy were first introduced. When two coils are applied on a steel core, as illustrated in
Figure 1.3, almost 100% of the flux from coil 1 circulates in the iron core so that the voltage induced into
coil 2 is equal to the coil 1 voltage if the number of turns in the two coils are equal.

/Flux lines

()

Second conductor
in flux lines

FIGURE 1.2 Magnetic field around conductor induces voltage in second conductor.
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Flux in core
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FIGURE 1.3 Two coils applied on a steel core.

Continuing in the MKS system, the fundamental relationship between magnetic flux density (B) and
magnetic field intensity (H) is:

B=p, H (1.7)

where | is the permeability of free space=4 7 x 107" Wb A™' m™".

Replacing B by ¢/A and H by (IN)/d

where
¢ = core flux in lines
N = number of turns in the coil
I =maximum current in amperes
A = core cross-section area

the relationship can be rewritten as:
éb=(wNATI)/d (1.8)

where
d = mean length of the coil in meters
A = area of the core in square meters

Then, the equation for the flux in the steel core is:
b = (pop, NATD/d (1.9)

where, W, = relative permeability of steel ~1500.

Since the permeability of the steel is very high compared with air, all of the flux can be considered as
flowing in the steel and is essentially of equal magnitude in all parts of the core. The equation for the flux
in the core can be written as follows:

¢ =0.225 E/N (1.10)

© 2006 by Taylor & Francis Group, LLC.
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where
E =applied alternating voltage
f =frequency in hertz
N = number of turns in the winding
In transformer design, it is useful to use flux density, and Equation 1.10 can be rewritten as:

B=¢/A=0225E/(f AN) (1.11)

where, B = flux density in tesla (webers/square meter).

1.3 Equivalent Circuit of an Iron-Core Transformer

When voltage is applied to the exciting or primary winding of the transformer, a magnetizing current
flows in the primary winding. This current produces the flux in the core. The flow of flux in magnetic
circuits is analogous to the flow of current in electrical circuits.

When flux flows in the steel core, losses occur in the steel. There are two components of this loss,
which are termed “eddy” and “hysteresis” losses. An explanation of these losses would require a full
chapter. For the purpose of this text, it can be stated that the hysteresis loss is caused by the cyclic
reversal of flux in the magnetic circuit and can be reduced by metallurgical control of the steel. Eddy loss
is caused by eddy currents circulating within the steel induced by the flow of magnetic flux normal to the
width of the core, and it can be controlled by reducing the thickness of the steel lamination or by
applying a thin insulating coating.

Eddy loss can be expressed as follows:

W = K[w]?[B]? watts (1.12)

where
K= constant
w = width of the core lamination material normal to the flux
B = flux density

If a solid core were used in a power transformer, the losses would be very high and the temperature
would be excessive. For this reason, cores are laminated from very thin sheets, such as 0.23 mm and
0.28 mm, to reduce the thickness of the individual sheets of steel normal to the flux and thereby reducing
the losses. Each sheet is coated with a very thin material to prevent shorts between the laminations.
Improvements made in electrical steels over the past 50 years have been the major contributor to smaller
and more efficient transformers. Some of the more dramatic improvements include:

*+ Development of cold-rolled grain-oriented (CGO) electrical steels in the mid 1940s

+ Introduction of thin coatings with good mechanical properties

+ Improved chemistry of the steels, e.g., Hi-B steels

+ Further improvement in the orientation of the grains

* Introduction of laser-scribed and plasma-irradiated steels

+ Continued reduction in the thickness of the laminations to reduce the eddy-loss component of
the core loss

+ Introduction of amorphous ribbon (with no crystalline structure)—manufactured using rapid-
cooling technology—for use with distribution and small power transformers

The combination of these improvements has resulted in electrical steels having less than 40% of the
no-load loss and 30% of the exciting (magnetizing) current that was possible in the late 1940s.

© 2006 by Taylor & Francis Group, LLC.



The effect of the cold-rolling process on the grain formation is to align magnetic domains in the
direction of rolling so that the magnetic properties in the rolling direction are far superior to those
in other directions. A heat-resistant insulation coating is applied by thermochemical treatment
to both sides of the steel during the final stage of processing. The coating is approximately 1-pwm
thick and has only a marginal effect on the stacking factor. Traditionally, a thin coat of varnish
had been applied by the transformer manufacturer after completion of cutting and punching
operations. However, improvements in the quality and adherence of the steel manufacturers’ coating
and in the cutting tools available have eliminated the need for the second coating, and its use has
been discontinued.

Guaranteed values of real power loss (in watts per kilogram) and apparent power loss (in volt-
amperes per kilogram) apply to magnetization at 0° to the direction of rolling. Both real and apparent
power loss increase significantly (by a factor of three or more) when CGO is magnetized at an angle to
the direction of rolling. Under these circumstances, manufacturers’ guarantees do not apply, and the
transformer manufacturer must ensure that a minimum amount of core material is subject to cross-
magnetization, i.e., where the flow of magnetic flux is normal to the rolling direction. The aim is
to minimize the total core loss and (equally importantly) to ensure that the core temperature in the area
is maintained within safe limits. CGO strip cores operate at nominal flux densities of 1.6 to 1.8 tesla (T).
This value compares with 1.35 T used for hot-rolled steel, and it is the principal reason for the
remarkable improvement achieved in the 1950s in transformer output per unit of active material.
CGO steel is produced in two magnetic qualities (each having two subgrades) and up to four thicknesses
(0.23, 0.27, 0.30, and 0.35 mm), giving a choice of eight different specific loss values. In addition, the
designer can consider using domain-controlled Hi-B steel of higher quality, available in three thicknesses
(0.23, 0.27, and 0.3 mm).

The different materials are identified by code names:

+ CGO material with a thickness of 0.3 mm and a loss of 1.3 W /kg at 1.7 Tand 50 Hz, or 1.72 W /kg
at 1.7 T and 60 Hz, is known as M097-30N.

+ Hi-B material with a thickness of 0.27 mm and a loss of 0.98 W/kg at 1.7 T and 50 Hz, or
1.3 W/kg at 1.7 T and 60 Hz, is known as M103-27P.

+ Domain-controlled Hi-B material with a thickness of 0.23 mm and a loss of 0.92 W /kg at 1.7 T
and 50 Hz, or 1.2 W/kg at 1.7 T and 60 Hz, is known as 23ZDKH.

The Japanese-grade ZDKH core steel is subjected to laser irradiation to refine the magnetic domains
near to the surface. This process considerably reduces the anomalous eddy-current loss, but the
laminations must not be annealed after cutting. An alternative route to domain control of the steel is
to use plasma irradiation, whereby the laminations can be annealed after cutting.

The decision on which grade to use to meet a particular design requirement depends on the
characteristics required in respect of impedance and losses and, particularly, on the cash value that
the purchaser has assigned to core loss (the capitalized value of the iron loss). The higher labor cost
involved in using the thinner materials is another factor to be considered.

No-load and load losses are often specified as target values by the user, or they may be evaluated by the
“capitalization” of losses. A purchaser who receives tenders from prospective suppliers must evaluate the
tenders to determine the “best” offer. The evaluation process is based on technical, strategic, and
economic factors, but if losses are to be capitalized, the purchaser will always evaluate the “total cost
of ownership,” where:

Cost of ownership = capital cost (or initial cost) + cost of losses

Cost of losses = cost of no-load loss + cost of load loss + cost of stray loss

For loss-evaluation purposes, the load loss and stray loss are added together, as they are both current-
dependent.
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FIGURE 1.4 Loss characteristics for electrical core-steel materials over a range of magnetic induction (core flux
density).

Cost of no-load loss = no-load loss (kW) x capitalization factor ($/kW)
Cost of load loss = load loss (kW) x capitalization factor ($/kW)

For generator transformers that are usually on continuous full load, the capitalization factors for
no-load loss and load loss are usually equal. For transmission and distribution transformers, which
normally operate at below their full-load rating, different capitalization factors are used depending on
the planned load factor. Typical values for the capitalization rates used for transmission and distribution
transformers are $5000/kW for no-load loss and $1200/kW for load loss. At these values, the total
cost of ownership of the transformer, representing the capital cost plus the cost of power losses over
20 years, may be more than twice the capital cost. For this reason, modern designs of transformer are
usually low-loss designs rather than low-cost designs.

Figure 1.4 shows the loss characteristics for a range of available electrical core-steel materials over a
range of values of magnetic induction (core flux density).

The current that creates rated flux in the core is called the magnetizing current. The magnetizing
circuit of the transformer can be represented by one branch in the equivalent circuit shown in Figure 1.5.

R1 X1
Gw Ia)
N1 =100
E1=1000 N2 = 50
E2 =500
Rm Xm
G ©

FIGURE 1.5 Equivalent circuit.
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FIGURE 1.6 Steel core with windings.

The core losses are represented by Rm and the excitation characteristics by Xm. When the
magnetizing current, which is about 0.5% of the load current, flows in the primary winding, there is
a small voltage drop across the resistance of the winding and a small inductive drop across the
inductance of the winding. We can represent these impedances as R1 and X1 in the equivalent circuit.
However, these voltage drops are very small and can be neglected in the practical case.

Since the flux flowing in all parts of the core is essentially equal, the voltage induced in any
turn placed around the core will be the same. This results in the unique characteristics of transformers
with steel cores. Multiple secondary windings can be placed on the core to obtain different output
voltages. Each turn in each winding will have the same voltage induced in it, as seen in Figure 1.6.
The ratio of the voltages at the output to the input at no-load will be equal to the ratio of the turns.
The voltage drops in the resistance and reactance at no-load are very small, with only magnetizing
current flowing in the windings, so that the voltage appearing across the primary winding of the
equivalent circuit in Figure 1.5 can be considered to be the input voltage. The relationship
E1/N1=E2/N2 is important in transformer design and application. The term E/N is called “volts
per turn.”

A steel core has a nonlinear magnetizing charac-
teristic, as shown in Figure 1.7. As shown, greater
ampere-turns are required as the flux density B is
increased from zero. Above the knee of the curve, as B
the flux approaches saturation, a small increase in the
flux density requires a large increase in the ampere-
turns. When the core saturates, the circuit behaves
much the same as an air core. As the flux density
decreases to zero, becomes negative, and increases in a
negative direction, the same phenomenon of saturation H

occurs. As the flux reduces to zero and increases in a 0
positive direction, it describes a loop known as the
“hysteresis loop.” The area of this loop represents
power loss due to the hysteresis effect in the steel.
Improvements in the grade of steel result in a smaller

area of the hysteresis loop and a sharper knee point
where the B-H characteristic becomes nonlinear and
approaches the saturated state. FIGURE 1.7 Hysteresis loop.

© 2006 by Taylor & Francis Group, LLC.



1.4 The Practical Transformer

1.4.1 Magnetic Circuit

In actual transformer design, the constants for the ideal circuit are determined from tests on materials
and on transformers. For example, the resistance component of the core loss, usually called no-load loss,
is determined from curves derived from tests on samples of electrical steel and measured transformer
no-load losses. The designer will have curves similar to Figure 1.4 for the different electrical steel grades
as a function of induction. Similarly, curves have been made available for the exciting current as a
function of induction.

A very important relationship is derived from Equation 1.11. It can be written in the follow-
ing form:

B = 0.225 (E/N)/(f A) (1.13)

The term E/N is called “volts per turn”: It determines the number of turns in the windings; the flux
density in the core; and is a variable in the leakage reactance, which is discussed below. In fact, when the
designer starts to make a design for an operating transformer, one of the first things selected is the volts
per turn.

The no-load loss in the magnetic circuit is a guaranteed value in most designs. The designer must
select an induction level that will allow him to meet the guarantee. The design curves or tables usually
show the loss per unit weight as a function of the material and the magnetic induction.

The induction must also be selected so that the core will be below saturation under specified over-
voltage conditions. Magnetic saturation occurs at about 2.0 T in magnetic steels but at about 1.4 T
in amorphous ribbon.

1.4.2 Leakage Reactance

Additional concepts must be introduced when the practical transformer is considered. For example,
the flow of load current in the windings results in high magnetic fields around the windings. These
fields are termed leakage flux fields. The term is believed to have started in the early days of
transformer theory, when it was thought that this flux “leaked” out of the core. This flux exists in
the spaces between windings and in the spaces occupied by the windings, as seen in Figure 1.8. These
flux lines effectively result in an impedance between the windings, which is termed “leakage reactance”
in the industry. The magnitude of this reactance is a function of the number of turns in the windings,
the current in the windings, the leakage field, and the geometry of the core and windings. The
magnitude of the leakage reactance is usually in the range of 4 to 20% at the base rating of power
transformers.

The load current through this reactance results in a considerable voltage drop. Leakage reactance is
termed “percent leakage reactance” or “percent reactance,” i.e., the ratio of the reactance voltage drop
to the winding voltage x 100. It is calculated by designers using the number of turns, the magnitudes
of the current and the leakage field, and the geometry of the transformer. It is measured by short-
circuiting one winding of the transformer and increasing the voltage on the other winding until rated
current flows in the windings. This voltage divided by the rated winding voltage x 100 is the percent
reactance voltage or percent reactance. The voltage drop across this reactance results in the voltage at
the load being less than the value determined by the turns ratio. The percentage decrease in the voltage
is termed “regulation,” which is a function of the power factor of the load. The percent regulation can
be determined using the following equation for inductive loads.

%Reg = %R(cos d) + %X(sin d) + {[%X(cos b) — %R(sin $)]*/200} (1.14)
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FIGURE 1.8 Leakage flux fields.

where
%Reg = percentage voltage drop across the resistance and the leakage reactance
%R = percentage resistance = (kW of load loss/kVA of transformer) x 100
%X = percentage leakage reactance
b = angle corresponding to the power factor of the load = cos ™" pf

For capacitance loads, change the sign of the sine terms.

In order to compensate for these voltage drops, taps are usually added in the windings. The unique
volts/turn feature of steel-core transformers makes it possible to add or subtract turns to change the
voltage outputs of windings. A simple illustration of this concept is shown in Figure 1.9. The table in the
figure shows that when tap 4 is connected to tap 5, there are 48 turns in the winding (maximum tap)
and, at 10 volts/turn, the voltage E2 is 480 volts. When tap 2 is connected to tap 7, there are 40 turns in
the winding (minimum tap), and the voltage E2 is 400 volts.

E2 |7

20 20

E1 ¢ ¢

E1=100
N1 =10
E/N=10

E2 = E/N X N2
N2 E2
4t05=48 E2 =10 X 48 = 480 Volts
4106 =46 E2 =10 X 46 = 460 Volts
3to6=44 E2 =10 X 44 = 440 Volts
3to7=42 E2 =10 X 42 = 420 Volts
2to7=40 E2 =10 X 40 =400 Volts

FIGURE 1.9 Illustration of how taps added in the windings can compensate for voltage drops.
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1.4.3 Load Losses

The term load losses represents the losses in the transformer that result from the flow of load current in
the windings. Load losses are composed of the following elements.

* Resistance losses as the current flows through the resistance of the conductors and leads.

* Eddy losses caused by the leakage field. These are a function of the second power of the leakage
field density and the second power of the conductor dimensions normal to the field.

+ Stray losses: The leakage field exists in parts of the core, steel structural members, and tank walls.
Losses and heating result in these steel parts.

Again, the leakage field caused by flow of the load current in the windings is involved, and the eddy
and stray losses can be appreciable in large transformers. In order to reduce load loss, it is not sufficient
to reduce the winding resistance by increasing the cross-section of the conductor, as eddy losses in the
conductor will increase faster than joule heating losses decrease. When the current is too great for a
single conductor to be used for the winding without excessive eddy loss, a number of strands must
be used in parallel. Because the parallel components are joined at the ends of the coil, steps must be
taken to circumvent the induction of different EMFs (electromotive force) in the strands due to different
loops of strands linking with the leakage flux, which would involve circulating currents and further loss.
Different forms of conductor transposition have been devised for this purpose.

Ideally, each conductor element should occupy every possible position in the array of strands such
that all elements have the same resistance and the same induced EMFE. Conductor transposition,
however, involves some sacrifice of winding space. If the winding depth is small, one transposition
halfway through the winding is sufficient; or in the case of a two-layer winding, the transposition can be
located at the junction of the layers. Windings of greater depth need three or more transpositions. An
example of a continuously transposed conductor (CTC) cable, shown in Figure 1.10, is widely used in
the industry. CTC cables are manufactured using transposing machines and are usually paper-insulated
as part of the transposing operation.

Stray losses can be a constraint on high-reactance designs. Losses can be controlled by using a
combination of magnetic shunts and/or conducting shields to channel the flow of leakage flux external
to the windings into low-loss paths.

1.4.4 Short-Circuit Forces

Forces exist between current-carrying conductors when they are in an alternating-current field. These
forces are determined using Equation 1.15:

F=BIsin0 (1.15)

where
F =force on conductor
B =local leakage flux density
6 =angle between the leakage flux and the load current. In transformers, sin 6 is almost always
equal to 1

Thus

B=pul (1.16)
and therefore

Fox I (1.17)

Since the leakage flux field is between windings and has a rather high density, the forces under
short-circuit conditions can be quite high. This is a special area of transformer design. Complex
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FIGURE 1.10 Continuously transposed conductor cable.

computer programs are needed to obtain a reasonable representation of the field in different parts
of the windings. Considerable research activity has been directed toward the study of mechanical
stresses in the windings and the withstand criteria for different types of conductors and support
systems.

Between any two windings in a transformer, there are three possible sets of forces:

+ Radial repulsion forces due to currents flowing in opposition in the two windings

* Axial repulsion forces due to currents in opposition when the electromagnetic centers of the two
windings are not aligned

+ Axial compression forces in each winding due to currents flowing in the same direction in
adjacent conductors

The most onerous forces are usually radial between windings. Outer windings rarely fail from hoop
stress, but inner windings can suffer from one or the other of two failure modes:

+ Forced buckling, where the conductor between support sticks collapses due to inward bending
into the oil-duct space

* Free buckling, where the conductors bulge outwards as well as inwards at a few specific points on
the circumference of the winding
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Forced buckling can be prevented by ensuring that the winding is tightly wound and is adequately
supported by packing it back to the core. Free buckling can be prevented by ensuring that the winding is
of sufficient mechanical strength to be self-supporting, without relying on packing back to the core.

1.4.5 Thermal Considerations

The losses in the windings and the core cause temperature rises in the materials. This is another
important area in which the temperatures must be limited to the long-term capability of the insulating
materials. Refined paper is still used as the primary solid insulation in power transformers. Highly
refined mineral oil is still used as the cooling and insulating medium in power transformers. Gases and
vapors have been introduced in a limited number of special designs. The temperatures must be limited
to the thermal capability of these materials. Again, this subject is quite broad and involved. It includes
the calculation of the temperature rise of the cooling medium, the average and hottest-spot rise of the
conductors and leads, and accurate specification of the heat-exchanger equipment.

1.4.6 Voltage Considerations

A transformer must withstand a number of different normal and abnormal voltage stresses over its
expected life. These voltages include:

* Operating voltages at the rated frequency

+ Rated-frequency overvoltages

* Natural lightning impulses that strike the transformer or transmission lines

+ Switching surges that result from opening and closing of breakers and switches

+ Combinations of the above voltages

+ Transient voltages generated due to resonance between the transformer and the network

+ Fast transient voltages generated by vacuum-switch operations or by the operation of disconnect
switches in a gas-insulated bus-bar system

This is a very specialized field in which the resulting voltage stresses must be calculated in the
windings, and withstand criteria must be established for the different voltages and combinations of
voltages. The designer must design the insulation system to withstand all of these stresses.
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2.1 Introduction

ANSI/TEEE defines a transformer as a static electrical device, involving no continuously moving parts,
used in electric power systems to transfer power between circuits through the use of electromagnetic
induction. The term power transformer is used to refer to those transformers used between the generator
and the distribution circuits, and these are usually rated at 500 kVA and above. Power systems typically
consist of a large number of generation locations, distribution points, and interconnections within the
system or with nearby systems, such as a neighboring utility. The complexity of the system leads to a
variety of transmission and distribution voltages. Power transformers must be used at each of these
points where there is a transition between voltage levels.

Power transformers are selected based on the application, with the emphasis toward custom design
being more apparent the larger the unit. Power transformers are available for step-up operation,
primarily used at the generator and referred to as generator step-up (GSU) transformers, and for
step-down operation, mainly used to feed distribution circuits. Power transformers are available as
single-phase or three-phase apparatus.

The construction of a transformer depends upon the application. Transformers intended for indoor
use are primarily of the dry type but can also be liquid immersed. For outdoor use, transformers are
usually liquid immersed. This section focuses on the outdoor, liquid-immersed transformers, such as
those shown in Figure 2.1.
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FIGURE 2.1 20 MVA, 161:26.4 x 13.2 kV with LTC, three phase transformers.

2.2 Rating and Classifications

2.2.1 Rating

In the U.S,, transformers are rated based on the power output they are capable of delivering continu-
ously at a specified rated voltage and frequency under “usual” operating conditions without exceeding
prescribed internal temperature limitations. Insulation is known to deteriorate with increases in
temperature, so the insulation chosen for use in transformers is based on how long it can be expected
to last by limiting the operating temperature. The temperature that insulation is allowed to reach under
operating conditions essentially determines the output rating of the transformer, called the kVA rating.
Standardization has led to temperatures within a transformer being expressed in terms of the rise above
ambient temperature, since the ambient temperature can vary under operating or test conditions.
Transformers are designed to limit the temperature based on the desired load, including the average
temperature rise of a winding, the hottest-spot temperature rise of a winding, and, in the case of liquid-
filled units, the top liquid temperature rise. To obtain absolute temperatures from these values, simply
add the ambient temperature. Standard temperature limits for liquid-immersed power transformers are
listed in Table 2.1.

The normal life expectancy of a power transformer is generally assumed to be about 30 years of service
when operated within its rating. However, under certain conditions, it may be overloaded and operated
beyond its rating, with moderately predictable “loss of life.” Situations that might involve operation beyond
rating include emergency rerouting of load or through-faults prior to clearing of the fault condition.

Outside the U.S., the transformer rating may have a slightly different meaning. Based on some
standards, the kVA rating can refer to the power that can be input to a transformer, the rated output
being equal to the input minus the transformer losses.

TABLE 2.1 Standard Limits for Temperature Rises Above Ambient

Average winding temperature rise 65°C*
Hot spot temperature rise 80°C
Top liquid temperature rise 65°C

“The base rating is frequently specified and tested as a 55°C rise.
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Power transformers have been loosely grouped into three market segments based on size ranges. These
three segments are:

1. Small power transformers: 500 kVA to 7500 kVA
2. Medium power transformers: 7500 kVA to 100 MVA
3. Large power transformers: 100 MVA and above

Note that the upper range of small power and the lower range of medium power can vary between 2,500
and 10,000 kVA throughout the industry.

It was noted that the transformer rating is based on “usual” service conditions, as prescribed by
standards. Unusual service conditions may be identified by those specifying a transformer so that the
desired performance will correspond to the actual operating conditions. Unusual service conditions
include, but are not limited to, the following: high (above 40°C) or low (below —20°C) ambient
temperatures, altitudes above 1000 m above sea level, seismic conditions, and loads with total harmonic
distortion above 0.05 per unit.

2.2.2 Insulation Classes

The insulation class of a transformer is determined based on the test levels that it is capable of
withstanding. Transformer insulation is rated by the BIL, or basic impulse insulation level, in conjunc-
tion with the voltage rating. Internally, a transformer is considered to be a non-self-restoring insulation
system, mostly consisting of porous, cellulose material impregnated by the liquid insulating medium.
Externally, the transformer’s bushings and, more importantly, the surge-protection equipment must
coordinate with the transformer rating to protect the transformer from transient overvoltages and surges.
Standard insulation classes have been established by standards organizations stating the parameters by
which tests are to be performed.

Wye-connected windings in a three-phase power transformer will typically have the common point
brought out of the tank through a neutral bushing. (See Chapter 3, Distribution Transformers, for a
discussion of wye connections.) Depending on the application—for example in the case of a solidly
grounded neutral versus a neutral grounded through a resistor or reactor or even an ungrounded
neutral—the neutral may have a lower insulation class than the line terminals. There are standard
guidelines for rating the neutral based on the situation. It is important to note that the insulation class of
the neutral may limit the test levels of the line terminals for certain tests, such as the applied-voltage or
“hi-pot” test, where the entire circuit is brought up to the same voltage level. A reduced voltage rating
for the neutral can significantly reduce the cost of larger units and autotransformers compared with a
fully rated neutral.

2.2.3 Cooling Classes

Since no transformer is truly an “ideal” transformer, each will incur a certain amount of energy loss,
mainly that which is converted to heat. Methods of removing this heat can depend on the application,
the size of the unit, and the amount of heat that needs to be dissipated.

The insulating medium inside a transformer, usually oil, serves multiple purposes, first to act as an
insulator, and second to provide a good medium through which to remove the heat.

The windings and core are the primary sources of heat, although internal metallic structures can act
as a heat source as well. It is imperative to have proper cooling ducts and passages in the proximity of
the heat sources through which the cooling medium can flow so that the heat can be effectively removed
from the transformer. The natural circulation of oil through a transformer through convection has
been referred to as a “thermosiphon” effect. The heat is carried by the insulating medium until it is
transferred through the transformer tank wall to the external environment. Radiators, typically detach-
able, provide an increase in the surface area available for heat transfer by convection without increasing
the size of the tank. In smaller transformers, integral tubular sides or fins are used to provide this increase
in surface area. Fans can be installed to increase the volume of air moving across the cooling surfaces,

© 2006 by Taylor & Francis Group, LLC.



thus increasing the rate of heat dissipation. Larger transformers that cannot be effectively cooled using
radiators and fans rely on pumps that circulate oil through the transformer and through external heat
exchangers, or coolers, which can use air or water as a secondary cooling medium.

Allowing liquid to flow through the transformer windings by natural convection is identified as
“nondirected flow.” In cases where pumps are used, and even some instances where only fans and
radiators are being used, the liquid is often guided into and through some or all of the windings. This is
called “directed flow” in that there is some degree of control of the flow of the liquid through the
windings. The difference between directed and nondirected flow through the winding in regard to
winding arrangement will be further discussed with the description of winding types (see Section 2.5.2).

The use of auxiliary equipment such as fans and pumps with coolers, called forced circulation,
increases the cooling and thereby the rating of the transformer without increasing the unit’s physical
size. Ratings are determined based on the temperature of the unit as it coordinates with the cooling
equipment that is operating. Usually, a transformer will have multiple ratings corresponding to multiple
stages of cooling, as the supplemental cooling equipment can be set to run only at increased loads.

Methods of cooling for liquid-immersed transformers have been arranged into cooling classes
identified by a four-letter designation as follows:

Four letter cooling class—>

medium mechanism medium mechanism

Internal External

Table 2.2 lists the code letters that are used to make up the four-letter designation.

This system of identification has come about through standardization between different inter-
national standards organizations and represents a change from what has traditionally been used in
the U.S. Where OA classified a transformer as liquid-immersed self-cooled in the past, it is now
designated by the new system as ONAN. Similarly, the previous FA classification is now identified as
ONAE. FOA could be OFAF or ODAF, depending on whether directed oil flow is employed or not. In
some cases, there are transformers with directed flow in windings without forced circulation through
cooling equipment.

An example of multiple ratings would be ONAN/ONAF/ONAF, where the transformer has a base
rating where it is cooled by natural convection and two supplemental ratings where groups of fans are
turned on to provide additional cooling so that the transformer will be capable of supplying additional
kVA. This rating would have been designated OA/FA/FA per past standards.

TABLE 2.2 Cooling Class Letter Description

Code Letter Description
Internal First Letter (Cooling medium) O Liquid with flash point less than or equal to 300°C
K Liquid with flash point greater than 300°C
L Liquid with no measurable flash point
Second Letter (Cooling mechanism) N Natural convection through cooling

equipment and windings

Forced circulation through cooling equipment,
natural convection in windings

Forced circulation through cooling equipment,
directed flow in main windings

Air

Water

Natural convection

Forced circulation

o]

o]

External Third letter (Cooling medium)

Fourth letter (Cooling medium)

™ Z s>
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2.3 Short-Circuit Duty

A transformer supplying a load current will have a complicated network of internal forces acting on and
stressing the conductors, support structures, and insulation structures. These forces are fundamental to
the interaction of current-carrying conductors within magnetic fields involving an alternating-current
source. Increases in current result in increases in the magnitude of the forces proportional to the square
of the current. Severe overloads, particularly through-fault currents resulting from external short-circuit
events, involve significant increases in the current above rated current and can result in tremendous
forces inside the transformer.

Since the fault current is a transient event, it will have the asymmetrical sinusoidal waveshape
decaying with time based on the time constant of the equivalent circuit that is characteristic of
switching events. The amplitude of the symmetrical component of the sine wave is determined from
the formula,

Isc = Irated/(fomr + Zsys) (21)

where Zg,, and Zgy, are the transformer and system impedances, respectively, expressed in terms of per
unit on the transformer base, and I, and I ,.q are the resulting short-circuit (through-fault) current
and the transformer rated current, respectively. An offset factor, K, multiplied by I . determines the
magnitude of the first peak of the transient asymmetrical current. This offset factor is derived from
the equivalent transient circuit. However, standards give values that must be used based on the ratio
of the effective ac (alternating current) reactance (x) and resistance (r), x/r. K typically varies in the
range of 1.5 to 2.8.

As indicated by Equation 2.1, the short-circuit current is primarily limited by the internal impedance
of the transformer, but it may be further reduced by impedances of adjacent equipment, such as current-
limiting reactors or by system power-delivery limitations. Existing standards define the maximum
magnitude and duration of the fault current based on the rating of the transformer.

The transformer must be capable of withstanding the maximum forces experienced at the first peak
of the transient current as well as the repeated pulses at each of the subsequent peaks until the fault
is cleared or the transformer is disconnected. The current will experience two peaks per cycle, so the
forces will pulsate at 120 Hz, twice the power frequency, acting as a dynamic load. Magnitudes of forces
during these situations can range from several hundred kilograms to hundreds of thousands of
kilograms in large power transformers. For analysis, the forces acting on the windings are generally
broken up into two subsets, radial and axial forces, based on their apparent effect on the windings.
Figure 2.2 illustrates the difference between radial and axial forces in a pair of circular wind-
ings. Mismatches of ampere-turns between windings are unavoidable—caused by such occurrences
as ampere-turn voids created by sections of a winding being tapped out, slight mismatches in the lengths
of respective windings, or misalignment of the magnetic centers of the respective windings—and result
in a net axial force. This net axial force will have the effect of trying to force one winding in the upward
direction and the other in the downward direction, which must be resisted by the internal mechanical
structures.

The high currents experienced during through-fault events will also cause elevated temperatures in
the windings. Limitations are also placed on the calculated temperature the conductor may reach
during fault conditions. These high temperatures are rarely a problem due to the short time span of
these events, but the transformer may experience an associated increase in its “loss of life.” This
additional “loss of life” can become more prevalent, even critical, based on the duration of the fault
conditions and how often such events occur. It is also possible for the conductor to experience
changes in mechanical strength due to the annealing that can occur at high temperatures. The
temperature at which this can occur depends on the properties and composition of the conductor
material, such as the hardness, which is sometimes increased through cold-working processes or the
presence of silver in certain alloys.
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FIGURE 2.2 Radial and axial forces in a transformer winding.

2.4 Efficiency, Losses, and Regulation

2.4.1 Efficiency

Power transformers are very efficient, typically 99.5% or greater, i.e., real power losses are usually less
than 0.5% of the kVA rating at full load. The efficiency is derived from the rated output and the losses
incurred in the transformer. The basic relationship for efficiency is the output over the input, which
according to U.S. standards translates to

efficiency = [KVA rating/(kVA rating + total losses)] x 100% (2.2)

and generally decreases slightly with increases in load. Total losses are the sum of the no-load and
load losses.

2.4.2 Losses

The no-load losses are essentially the power required to keep the core energized. These are commonly
referred to as “core losses,” and they exist whenever the unit is energized. No-load losses depend
primarily upon the voltage and frequency, so under operational conditions they vary only slightly with
system variations. Load losses, as the terminology might suggest, result from load currents flowing
through the transformer. The two components of the load losses are the I°R losses and the stray losses.
IR losses are based on the measured dc (direct current) resistance, the bulk of which is due to the
winding conductors and the current at a given load. The stray losses are a term given to the accumulation
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of the additional losses experienced by the transformer, which includes winding eddy losses and losses due
to the effects of leakage flux entering internal metallic structures. Auxiliary losses refer to the power
required to run auxiliary cooling equipment, such as fans and pumps, and are not typically included in the
total losses as defined above.

2.4.3 Economic Evaluation of Losses

Transformer losses represent power that cannot be delivered to customers and therefore have an associated
economic cost to the transformer user/owner. A reduction in transformer losses generally results in an
increase in the transformer’s cost. Depending on the application, there may be an economic benefit to a
transformer with reduced losses and high price (initial cost), and vice versa. This process is typically dealt
with through the use of “loss evaluations,” which place a dollar value on the transformer losses to calculate
a total owning cost that is a combination of the purchase price and the losses. Typically, each of the
transformer’s individual loss parameters—no-load losses, load losses, and auxiliary losses—are assigned a
dollar value per kW ($/kW). Information obtained from such an analysis can be used to compare prices
from different manufacturers or to decide on the optimum time to replace existing transformers. There
are guides available, through standards organizations, for estimating the cost associated with trans-
formers losses. Loss-evaluation values can range from about $500/kW to upwards of $12,000/kW for
the no-load losses and from a few hundred dollars per kW to about $6,000 to $8,000/kW for load losses
and auxiliary losses. Specific values depend upon the application.

2.4.4 Regulation

Regulation is defined as the change (increase) in the output voltage that occurs when the load on the
transformer is reduced from rated load to no load while the input voltage is held constant. It is typically
expressed as a percentage, or per unit, of the rated output voltage at rated load. A general expression for
the regulation can be written as:

% regulation = [(Vnr — VEL)/VEL] X 100 (2.3)

where
Vuu is the voltage at no load
VyL is the voltage at full load

The regulation is dependent upon the impedance characteristics of the transformer, the resistance (r),
and more significantly the ac reactance (x), as well as the power factor of the load. The regulation can be
calculated based on the transformer impedance characteristics and the load power factor using the
following formulas:

% regulation = pr + qx + [(px — qr)*/200] (2.4)

q = SQRT (1 —p?) (2.5)

where
p is the power factor of the load
r and x are expressed in terms of per unit on the transformer base

The value of q is taken to be positive for a lagging (inductive) power factor and negative for a leading
(capacitive) power factor.

It should be noted that lower impedance values, specifically ac reactance, result in lower regula-
tion, which is generally desirable. However, this is at the expense of the fault current, which would
in turn increase with a reduction in impedance, since it is primarily limited by the transformer impedance.
Additionally, the regulation increases as the power factor of the load becomes more lagging (inductive).

© 2006 by Taylor & Francis Group, LLC.



2.5 Construction

The construction of a power transformer varies throughout the industry. The basic arrangement is
essentially the same and has seen little significant change in recent years, so some of the variations can be
discussed here.

2.5.1 Core

The core, which provides the magnetic path to channel the flux, consists of thin strips of high-grade
steel, called laminations, which are electrically separated by a thin coating of insulating material.
The strips can be stacked or wound, with the windings either built integrally around the core or built
separately and assembled around the core sections. Core steel can be hot- or cold-rolled, grain-oriented
or non-grain oriented, and even laser-scribed for additional performance. Thickness ranges from
0.23 mm to upwards of 0.36 mm. The core cross section can be circular or rectangular, with circular
cores commonly referred to as cruciform construction. Rectangular cores are used for smaller ratings
and as auxiliary transformers used within a power transformer. Rectangular cores use a single width of
strip steel, while circular cores use a combination of different strip widths to approximate a circular
cross-section, such as in Figure 2.2. The type of steel and arrangement depends on the transformer rating
as related to cost factors such as labor and performance.

Just like other components in the transformer, the heat generated by the core must be adequately
dissipated. While the steel and coating may be capable of withstanding higher temperatures, it will come
in contact with insulating materials with limited temperature capabilities. In larger units, cooling ducts
are used inside the core for additional convective surface area, and sections of laminations may be split
to reduce localized losses.

The core is held together by, but insulated from, mechanical structures and is grounded to a single
point in order to dissipate electrostatic buildup. The core ground location is usually some readily
accessible point inside the tank, but it can also be brought through a bushing on the tank wall or top for
external access. This grounding point should be removable for testing purposes, such as checking
for unintentional core grounds. Multiple core grounds, such as a case whereby the core is inadvertently
making contact with otherwise grounded internal metallic mechanical structures, can provide a path for
circulating currents induced by the main flux as well as a leakage flux, thus creating concentrations of
losses that can result in localized heating.

The maximum flux density of the core steel is normally designed as close to the knee of the saturation
curve as practical, accounting for required overexcitations and tolerances that exist due to materials
and manufacturing processes. (See Chapter 7, Instrument Transformers, for a discussion of satura-
tion curves.) For power transformers the flux density is typically between 1.3 T and 1.8 T, with the
saturation point for magnetic steel being around 2.03 T to 2.05 T.

There are two basic types of core construction used in power transformers: core form and shell form.

In core-form construction, there is a single path for the magnetic circuit. Figure 2.3 shows a schematic
of a single-phase core, with the arrows showing the magnetic path. For single-phase applications, the
windings are typically divided on both core legs as shown. In three-phase applications, the windings of a
particular phase are typically on the same core leg, as illustrated in Figure 2.4. Windings are constructed
separate of the core and placed on their respective core legs during core assembly. Figure 2.5 shows what
is referred to as the “E”-assembly of a three-phase core-form core during assembly.

In shell-form construction, the core provides multiple paths for the magnetic circuit. Figure 2.6 is a
schematic of a single-phase shell-form core, with the two magnetic paths illustrated. The core is typically
stacked directly around the windings, which are usually “pancake”’-type windings, although some
applications are such that the core and windings are assembled similar to core form. Due to advantages
in short-circuit and transient-voltage performance, shell forms tend to be used more frequently in the
largest transformers, where conditions can be more severe. Variations of three-phase shell-form
construction include five- and seven-legged cores, depending on size and application.
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FIGURE 2.4 Schematic of three-phase core-form construction.
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FIGURE 2.5 “E”-assembly, prior to addition of coils and insertion of top yoke.

2.5.2 Windings

The windings consist of the current-carrying conductors wound around the sections of the core, and
these must be properly insulated, supported, and cooled to withstand operational and test conditions.
The terms winding and coil are used interchangeably in this discussion.

Copper and aluminum are the primary materials used as conductors in power-transformer windings.
While aluminum is lighter and generally less expensive than copper, a larger cross section of aluminum

Windings

FIGURE 2.6 Schematic of single-phase shell-form construction.
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conductor must be used to carry a current with similar performance as copper. Copper has higher
mechanical strength and is used almost exclusively in all but the smaller size ranges, where aluminum
conductors may be perfectly acceptable. In cases where extreme forces are encountered, materials such as
silver-bearing copper can be used for even greater strength. The conductors used in power transformers
are typically stranded with a rectangular cross section, although some transformers at the lowest ratings
may use sheet or foil conductors. Multiple strands can be wound in parallel and joined together at the
ends of the winding, in which case it is necessary to transpose the strands at various points throughout
the winding to prevent circulating currents around the loop(s) created by joining the strands at the ends.
Individual strands may be subjected to differences in the flux field due to their respective positions
within the winding, which create differences in voltages between the strands and drive circulating
currents through the conductor loops. Proper transposition of the strands cancels out these voltage
differences and eliminates or greatly reduces the circulating currents. Avariation of this technique, involving
many rectangular conductor strands combined into a cable, is called continuously transposed cable (CTC),
as shown in Figure 2.7.

In core-form transformers, the windings are usually arranged concentrically around the core leg, as
illustrated in Figure 2.8, which shows a winding being lowered over another winding already on
the core leg of a three-phase transformer. A schematic of coils arranged in this three-phase application
was also shown in Figure 2.4. Shell-form transformers use a similar concentric arrangement or an
interleaved arrangement, as illustrated in the schematic Figure 2.9 and the photograph in Figure 2.13.
With an interleaved arrangement, individual coils are stacked, separated by insulating barriers and
cooling ducts. The coils are typically connected with the inside of one coil connected to the inside of
an adjacent coil and, similarly, the outside of one coil connected to the outside of an adjacent coil. Sets
of coils are assembled into groups, which then form the primary or secondary winding.

When considering concentric windings, it is generally understood that circular windings have
inherently higher mechanical strength than rectangular windings, whereas rectangular coils can have
lower associated material and labor costs. Rectangular windings permit a more efficient use of space, but
their use is limited to small power transformers and the lower range of medium-power transformers,
where the internal forces are not extremely high. As the rating increases, the forces significantly increase,

FIGURE 2.7 Continuously transposed cable (CTC).
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FIGURE 2.8 Concentric arrangement, outer coil being lowered onto core leg over top of inner coil.
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FIGURE 2.9 Example of stacking (interleaved) arrangement of windings in shell-form construction.
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FIGURE 2.10 Nondirected flow. FIGURE 2.11 Directed flow.

and there is need for added strength in the windings, so circular coils, or shell-form construction, are used.
In some special cases, elliptically shaped windings are used.

Concentric coils are typically wound over cylinders with spacers attached so as to form a duct
between the conductors and the cylinder. As previously mentioned, the flow of liquid through the
windings can be based solely on natural convection, or the flow can be somewhat controlled through
the use of strategically placed barriers within the winding. Figure 2.10 and Figure 2.11 show winding
arrangements comparing nondirected and directed flow. This concept is sometimes referred to as guided
liquid flow.

A variety of different types of windings have been used in power transformers through the years. Coils
can be wound in an upright, vertical orientation, as is necessary with larger, heavier coils; or they can be
wound horizontally and placed upright upon completion. As mentioned previously, the type of winding
depends on the transformer rating as well as the core construction. Several of the more common
winding types are discussed here.

2.5.2.1 Pancake Windings

Several types of windings are commonly referred to as “pancake” windings due to the arrangement of
conductors into discs. However, the term most often refers to a coil type that is used almost exclusively
in shell-form transformers. The conductors are wound around a rectangular form, with the widest face
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FIGURE 2.12 Pancake winding during winding process.

of the conductor oriented either horizontally or vertically. Figure 2.12 illustrates how these coils are
typically wound. This type of winding lends itself to the interleaved arrangement previously discussed
(Figure 2.13).

2.5.2.2 Layer (Barrel) Windings

Layer (barrel) windings are among the simplest of windings in that the insulated conductors are wound
directly next to each other around the cylinder and spacers. Several layers can be wound on top of one
another, with the layers separated by solid insulation, ducts, or a combination. Several strands can be
wound in parallel if the current magnitude so dictates. Variations of this winding are often used for
applications such as tap windings used in load-tap-changing (LTC) transformers and for tertiary
windings used for, among other things, third-harmonic suppression. Figure 2.14 shows a layer winding
during assembly that will be used as a regulating winding in an LTC transformer.

FIGURE 2.13  Stacked pancake windings.
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FIGURE 2.14 Layer windings (single layer with two strands wound in parallel).

2.5.2.3 Helical Windings

Helical windings are also referred to as screw or spiral windings, with each term accurately characterizing
the coil’s construction. A helical winding consists of a few to more than 100 insulated strands wound in
parallel continuously along the length of the cylinder, with spacers inserted between adjacent turns or
discs and suitable transpositions included to minimize circulating currents between parallel strands. The
manner of construction is such that the coil resembles a corkscrew. Figure 2.15 shows a helical winding
during the winding process. Helical windings are used for the higher-current applications frequently
encountered in the lower-voltage classes.

FIGURE 2.15 Helical winding during assembly.
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FIGURE 2.16 Basic disc winding layout.

2.5.2.4 Disc Windings

A disc winding can involve a single strand or several strands of insulated conductors wound in a series
of parallel discs of horizontal orientation, with the discs connected at either the inside or outside as a
crossover point. Each disc comprises multiple turns wound over other turns, with the crossovers
alternating between inside and outside. Figure 2.16 outlines the basic concept, and Figure 2.17 shows
typical crossovers during the winding process. Most windings of 25-kV class and above used in

FIGURE 2.17 Disc winding inner and outer crossovers.
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FIGURE 2.18 High-voltage winding schematic and connection diagram for 138-kV example.

core-form transformers are disc type. Given the high voltages involved in test and operation, particular
attention is required to avoid high stresses between discs and turns near the end of the winding
when subjected to transient voltage surges. Numerous techniques have been developed to ensure an
acceptable voltage distribution along the winding under these conditions.

2.5.3 Taps-Turns Ratio Adjustment

The ability to adjust the turns ratio of a transformer is often desirable to compensate for variations in voltage
that occur due to the regulation of the transformer and loading cycles. This task can be accomplished by
several means. There is a significant difference between a transformer that is capable of changing the
ratio while the unit is on-line (a load tap changing [LTC] transformer) and one that must be taken off-
line, or de-energized, to perform a tap change.

Most transformers are provided with a means of changing the number of turns in the high-voltage
circuit, whereby a part of the winding is tapped out of the circuit. In many transformers, this is done
using one of the main windings and tapping out a section or sections, as illustrated by the schematic in
Figure 2.18.

With larger units, a dedicated tap winding may be necessary to avoid the ampere-turn voids that
occur along the length of the winding. Use and placement of tap windings vary with the application
and among manufacturers. A manually operated switching mechanism, a DETC (de-energized tap
changer), is normally provided for convenient access external to the transformer to change the tap
position. When LTC capabilities are desired, additional windings and equipment are required, which
significantly increase the size and cost of the transformer. This option is specified on about 60% of
new medium and large power transformers. Figure 2.19 illustrates the basic operation by providing a
sample schematic and connection chart for a transformer supplied with an LTC on the low-voltage
(secondary) side. It should be recognized that there would be slight differences in this schematic
based on the specific LTC being used. Figure 2.19 also shows a sample schematic where an auxiliary
transformer is used between the main windings and the LTC to limit the current through the LTC
mechanism.

It is also possible for a transformer to have dual voltage ratings, as is popular in spare and
mobile transformers. While there is no physical limit to the ratio between the dual ratings, even ratios
(for example 24.94 x 12.47 kV or 138 x 69 kV) are easier for manufacturers to accommodate.

2.6 Accessory Equipment

2.6.1 Accessories

There are many different accessories used to monitor and protect power transformers, some of which are
considered standard features, and others of which are used based on miscellaneous requirements. A few
of the basic accessories are briefly discussed here.

© 2006 by Taylor & Francis Group, LLC.



P R connects
o Volts LTC | at direction H
HV winding LL | positions Fg 5= *— connects
L 14520 16R 18-1]18—-1] 17-19
LV winding 14438 | 15R [18-1[18-1] 1619
Regulating winding iggg g; g - g = 12 = 18
4190 2R 8 — 8 — 13-19
14108 1R 8-1|18-1]12-19
4025 OR 18-1|18-1] 11 -19
3943 9R 8-1|/18-1] 10-19
3860 8R 8-1118—-1] 9-19
13778 7R 8-1|18—-1] 8-19
13695 6R 8-1|18—-1] 7-19
13613 5R 8-1|18—-1] 6-19
13530 4R 8-1|18—-1] 5-19
13447 3R 18-1]18-1| 4-19
13365 2R 18-1|18-1] 3-19
13283 1R 18-1]18—-1] 2-19
13200 RN 18-1]18-1]| 1-19
p p 13200 N 18 —-1718 -17| 18 - 19
13200 LN 18 —-1718 — 17| 17 — 19
||||xll IllAAAAA 3118 1L 18 —1718 —17| 16 — 19
3035 2L 18 —-1718 -17| 15-19
58220000000 00088808 2953 SL 81718 171 14 - 19
2870 4L 18 —-1718 - 17| 13 - 19
2788 5L 18 —1718 —17| 12-19
2705 6L 18 —-1718-17| 11 - 19
2623 7L 18 —1718 —17| 10 -19
2540 8L 18 —-1718-17] 9-19
2458 9L 18 —1718 —17] 8 — 19
12375 10L 18 —1718 —17] 7-19
12293 1L {18 -1718 -17| 619
2210 12L 18 —1718 — 17 45‘—18
: 2128 13L 18 —1718 — 17 -
tr:;;’;g?ger 2045 | 14L {8 1718 —17] 3-19
11963 15L 18 -1718 —17| 2-19
11880 16L 18 -1718 —17] 1-19
[ ]

FIGURE 2.19 Schematic and connection chart for transformer with a load tap changer supplied on a 13.2-kV low
voltage.

2.6.1.1 Liquid-Level Indicator

A liquid-level indicator is a standard feature on liquid-filled transformer tanks, since the liquid medium
is critical for cooling and insulation. This indicator is typically a round-faced gauge on the side of the
tank, with a float and float arm that moves a dial pointer as the liquid level changes.

2.6.1.2 Pressure-Relief Devices

Pressure-relief devices are mounted on transformer tanks to relieve excess internal pressures
that might build up during operating conditions. These devices are intended to avoid damage to the
tank. On larger transformers, several pressure-relief devices may be required due to the large quantities
of oil.

2.6.1.3 Liquid-Temperature Indicator

Liquid-temperature indicators measure the temperature of the internal liquid at a point near the top of
the liquid using a probe inserted in a well and mounted through the side of the transformer tank.

2.6.1.4 Winding-Temperature Indicator

A winding-temperature simulation method is used to approximate the hottest spot in the winding.
An approximation is needed because of the difficulties involved in directly measuring winding temperature.
The method applied to power transformers involves a current transformer, which is located to incur a
current proportional to the load current through the transformer. The current transformer feeds
a circuit that essentially adds heat to the top liquid-temperature reading, which approximates a reading
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that models the winding temperature. This method relies on design or test data of the temperature
differential between the liquid and the windings, called the winding gradient.

2.6.1.5 Sudden-Pressure Relay

A sudden- (or rapid-) pressure relay is intended to indicate a quick increase in internal pressure that can
occur when there is an internal fault. These relays can be mounted on the top or side of the transformer,
or they can operate in liquid or gas space.

2.6.1.6 Desiccant (Dehydrating) Breathers

Desiccant breathers use a material such as silica gel to allow air to enter and exit the tank, removing
moisture as the air passes through. Most tanks are somewhat free breathing, and such a device, if properly
maintained, allows a degree of control over the quality of air entering the transformer.

2.6.2 Liquid-Preservation Systems

There are several methods to preserve the properties of the transformer liquid and associated insulation
structures that it penetrates. Preservation systems attempt to isolate the transformer’s internal environ-
ment from the external environment (atmosphere) while understanding that a certain degree of
interaction, or “breathing,” is required to accommodate variations in pressure that occur under
operational conditions, such as expansion and contraction of liquid with temperature. Free-breathing
systems, where the liquid is exposed to the atmosphere, are no longer used. The most commonly used
methods are outlined as follows and illustrated in Figure 2.20.

+ Sealed-tank systems have the tank interior sealed from the atmosphere and maintain a layer of gas—a
gas space or cushion—that sits above the liquid. The gas-plus-liquid volume remains constant.
Negative internal pressures can exist in sealed-tank systems at lower loads or temperatures with
positive pressures as load and temperatures increase.

* Positive-pressure systems involve the use of inert gases to maintain a positive pressure in the gas
space. An inert gas, typically from a bottle of compressed nitrogen, is incrementally injected into
the gas space when the internal pressure falls out of range.

* Conservator (expansion tank) systems are used both with and without air bags, also called
bladders or diaphragms, and involve the use of a separate auxiliary tank. The main transformer

Air bag
(where applicable)

relay H’ii‘"'r:::: I:I
:,‘—————J Gas space
I
|
i Dehydrating
f . o breather
i Liquid Liquid
' (main tank) (main tank)
Inert gas
source T |
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Sealed tank or positive | Conservator/Expansion
pressure system tank system

FIGURE 2.20 General arrangements of liquid preservation systems.
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tank is completely filled with liquid; the auxiliary tank is partially filled; and the liquid expands
and contracts within the auxiliary tank. The auxiliary tank is allowed to “breathe,” usually
through a dehydrating breather. The use of an air bag in the auxiliary tank can provide further
separation from the atmosphere.

2.6.2.1 “Buchholz” Relay

On power transformers using a conservator liquid-preservation system, a “Buchholz” relay can be
installed in the piping between the main transformer tank and the conservator. The purpose of the
Buchholz relay is to detect faults that may occur in the transformer. One mode of operation is based on
the generation of gases in the transformer during certain minor internal faults. Gases accumulate in the
relay, displacing the liquid in the relay, until a specified volume is collected, at which time a float actuates
a contact or switch. Another mode of operation involves sudden increases in pressure in the main
transformer tank, a sign of a major fault in the transformer. Such an increase in pressure forces the liquid
to surge through the piping between the main tank and the conservator, through the “Buchholz” relay,
which actuates another contact or switch.

2.6.2.2 Gas-Accumulator Relay

Another gas-detection device uses a system of piping from the top of the transformer to a gas-
accumulator relay. Gases generated in the transformer are routed to the gas-accumulator relay, where
they accumulate until a specified volume is collected, actuating a contact or switch.

2.7 Inrush Current

When a transformer is taken off-line, a certain amount of residual flux remains in the core due to the
properties of the magnetic core material. The residual flux can be as much as 50 to 90% of the
maximum operating flux, depending the type of core steel. When voltage is reapplied to the trans-
former, the flux introduced by this source voltage builds upon that already existing in the core. In order
to maintain this level of flux in the core, which can be well into the saturation range of the core steel,
the transformer can draw current well in excess of the transformer’s rated full-load current. Depending
on the transformer design, the magnitude of this current inrush can be anywhere from 3.5 to 40 times
the rated full-load current. The waveform of the inrush current is similar to a sine wave, but largely
skewed to the positive or negative direction. This inrush current experiences a decay, partially due to
losses that provide a dampening effect. However, the current can remain well above rated current for
many cycles.

This inrush current can have an effect on the operation of relays and fuses located in the system
near the transformer. Decent approximations of the inrush current require detailed information
regarding the transformer design, which may be available from the manufacturer but is not typically
available to the application engineer. Actual values for inrush current depend on where in the source-
voltage wave the switching operations occur, the moment of opening affecting the residual flux
magnitude, and the moment of closing affecting the new flux.

2.8 Transformers Connected Directly to Generators

Power transformers connected directly to generators can experience excitation and short-circuit condi-
tions beyond the requirements defined by ANSI/IEEE standards. Special design considerations may be
necessary to ensure that a power transformer is capable of withstanding the abnormal thermal and
mechanical aspects that such conditions can create.

© 2006 by Taylor & Francis Group, LLC.



—7— System —— System

I:] Breaker I:] Breaker
AAAY AAA
ut ~YY YN gAg . ~YY M 88T
3¢ 7
Breakers
Generator Auxiliary
bus bus
Generator Auxiliaries

load

FIGURE 2.21 Typical simplified one-line diagram for the supply of a generating station’s auxiliary power.

Typical generating plants are normally designed such that two independent sources are required to
supply the auxiliary load of each generator. Figure 2.21 shows a typical one-line diagram of a generating
station. The power transformers involved can be divided into three basic subgroups based on their
specific application:

1. Unit transformers (UT) that are connected directly to the system

2. Station service transformers (SST) that connect the system directly to the generator auxiliary load

3. Unit auxiliary transformers (UAT) that connect the generator directly to the generator auxiliary
load

In such a station, the UAT will typically be subjected to the most severe operational stresses.
Abnormal conditions have been found to result from several occurrences in the operation of the
station. Instances of faults occurring at point F in Figure 2.21—between the UAT and the breaker
connecting it to the auxiliary load—are fed by two sources, both through the UT from the system and
from the generator itself. Once the fault is detected, it initiates a trip to disconnect the UT from the
system and to remove the generator excitation. This loss of load on the generator can result in a
higher voltage on the generator, resulting in an increased current contribution to the fault from the
generator. This will continue to feed the fault for a time period dependent upon the generator’s fault-
current decrement characteristics. Alternatively, high generator-bus voltages can result from events
such as generator-load rejection, resulting in overexcitation of a UAT connected to the generator bus.
If a fault were to occur between the UAT and the breaker connecting it to the auxiliary load during
this period of overexcitation, it could exceed the thermal and mechanical capabilities of the UAT.
Additionally, nonsynchronous paralleling of the UAT and the SST, both connected to the generator
auxiliary load, can create high circulating currents that can exceed the mechanical capability of these
transformers.

Considerations can be made in the design of UAT transformers to account for these possible abnormal
operating conditions. Such design considerations include lowering the core flux density at rated voltage
to allow for operation at higher V/Hz without saturation of the core, as well as increasing the design
margin on the mechanical-withstand capability of the windings to account for the possibility of a fault
occurring during a period of overexcitation. The thermal capacity of the transformer can also be
increased to prevent overheating due to increased currents.
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2.9 Modern and Future Developments

2.9.1 High-Voltage Generator

Because electricity is generated at voltage levels that are too low to be efficiently transmitted across the
great distances that the power grid typically spans, step-up transformers are required at the generator.
With developments in high-voltage-cable technology, a high-voltage generator, called the Powerformer™
(ABB Generation, Visterds, Sweden), has been developed that will eliminate the need for this GSU
transformer and associated equipment. This Powerformer reportedly can be designed to generate power
at voltage levels between 20 kV and 400 kV to feed the transmission network directly.

2.9.2 High-Temperature Superconducting (HTS) Transformer

Superconducting technologies are being applied to power transformers in the development of high-
temperature superconducting (HTS) transformers. In HTS transformers, the copper and aluminum in
the windings would be replaced by superconductors. In the field of superconductors, high temperatures
are considered to be in the range of 116 K to 144 K, which represents a significant deviation in the
operating temperatures of conventional transformers. At these temperatures, insulation of the type
currently used in transformers would not degrade in the same manner. Using superconducting con-
ductors in transformers requires advances in cooling, specifically refrigeration technology directed
toward use in transformers. The predominant cooling medium in HTS development has been liquid
nitrogen, but other media have been investigated as well. Transformers built using HTS technology
would reportedly be smaller and lighter, and they would be capable of overloads without experiencing
“loss of life” due to insulation degradation, using instead increasing amounts of the replaceable coolant.
An additional benefit would be an increase in efficiency of HTS transformers over conventional
transformers due to the fact that resistance in superconductors is virtually zero, thus eliminating the
I’R component of the load losses.
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3.1 Historical Background

3.1.1 Long-Distance Power

In 1886, George Westinghouse built the first long-distance ac electric lighting system in Great
Barrington, Massachusetts. The power source was a 25-hp steam engine driving an alternator with an
output of 500 V and 12 A. In the middle of town, 4,000 ft away, transformers were used to reduce the
voltage to serve light bulbs located in nearby stores and offices (Powel, 1997).

3.1.2 The First Transformers

Westinghouse realized that electric power could only be delivered over distances by transmitting at a
higher voltage and then reducing the voltage at the location of the load. He purchased U.S. patent
rights to the transformer developed by Gaulard and Gibbs, shown in Figure 3.1a. William Stanley,
Westinghouse’s electrical expert, designed and built the transformers to reduce the voltage from 500 to
100 V on the Great Barrington system. The Stanley transformer is shown in Figure 3.1b.

3.1.3 What Is a Distribution Transformer?

Just like the transformers in the Great Barrington system, any transformer that takes voltage from a
primary distribution circuit and “steps down” or reduces it to a secondary distribution circuit or a
consumer’s service circuit is a distribution transformer. Although many industry standards tend to limit
this definition by kVA rating (e.g., 5 to 500 kVA), distribution transformers can have lower ratings and
can have ratings of 5,000 kVA or even higher, so the use of kVA ratings to define transformer types is
being discouraged (IEEE, 2002b).

(b)

FIGURE 3.1 (a) Gaulard and Gibbs transformer; (b) William Stanley’s early transformer. (By permission of ABB
Inc., Raleigh, NC.)
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3.2 Construction

3.2.1 Early Transformer Materials

From the pictures in Figure 3.1, the Gaulard—Gibbs transformer seems to have used a coil of many turns of
iron wire to create a ferromagnetic loop. The Stanley model, however, appears to have used flat sheets
of iron, stacked together and clamped with wooden blocks and steel bolts. Winding conductors were most
likely made of copper from the very beginning. Several methods of insulating the conductor were used in
the early days. Varnish dipping was often used and is still used for some applications today. Paper-tape
wrapping of conductors has been used extensively, but this has now been almost completely replaced by
other methods.

3.2.2 Qil Immersion

In 1887, the year after Stanley designed and built the first transformers in the U.S., Elihu Thompson
patented the idea of using mineral oil as a transformer cooling and insulating medium (Myers et al.,
1981). Although materials have improved dramatically, the basic concept of an oil-immersed cellulosic
insulating system has changed very little in well over a century.

3.2.3 Core Improvements

The major improvement in core materials was the introduction of silicon steel in 1932. Over the years,
the performance of electrical steels has been improved by grain orientation (1933) and continued
improvement in the steel chemistry and insulating properties of surface coatings. The thinner and
more effective the insulating coatings are, the more efficient a particular core material will be. The
thinner the laminations of electrical steel, the lower the losses in the core due to circulating currents.
Mass production of distribution transformers has made it feasible to replace stacked cores with wound
cores. C-cores were first used in distribution transformers around 1940. A C-core is made from a
continuous strip of steel, wrapped and formed into a rectangular shape, and then annealed and bonded
together. The core is then sawn in half to form two C-shaped sections that are machine-faced and
reassembled around the coil. In the mid-1950s, various manufacturers developed wound cores that were
die-formed into a rectangular shape and then annealed to relieve their mechanical stresses. The cores of
most distribution transformers made today are made with wound cores. Typically, the individual layers
are cut, with each turn slightly lapping over itself. This allows the core to be disassembled and put back
together around the coil structures while allowing a minimum of energy loss in the completed core.
Electrical steel manufacturers now produce stock for wound cores that is from 0.35- to 0.18-mm thick in
various grades. In the early 1980s, rapid increases in the cost of energy prompted the introduction of
amorphous core steel. Amorphous metal is cooled down from the liquid state so rapidly that there is no
time to organize into a crystalline structure. Thus it forms the metal equivalent of glass and is often
referred to as metal glass or “met-glass”” Amorphous core steel is usually 0.025-mm thick and offers
another choice in the marketplace for transformer users that have very high energy costs.

3.2.4 Winding Materials

Conductors for low-voltage windings were originally made from small rectangular copper bars, referred
to as “strap.” Higher ratings could require as many as 16 of these strap conductors in parallel to make
one winding having the needed cross section. A substantial improvement was gained by using copper
strip, which could be much thinner than strap but with the same width as the coil itself. In the early
1960s, instability in the copper market encouraged the use of aluminum strip conductor. The use of
aluminum round wire in the primary windings followed in the early 1970s (Palmer, 1983). Today,
both aluminum and copper conductors are used in distribution transformers, and the choice is
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largely dictated by economics. Round wire separated by paper insulation between layers has several
disadvantages. The wire tends to “gutter,” that is, to fall into the troughs in the layer below. Also, the
contact between the wire and paper occurs only along two lines on either side of the conductor. This is a
significant disadvantage when an adhesive is used to bind the wire and paper together. To prevent these
problems, manufacturers often flatten the wire into an oval or rectangular shape in the process of
winding the coil. This allows more conductor to be wound into a given size of coil and improves the
mechanical and electrical integrity of the coil (Figure 3.4).

3.2.5 Conductor Insulation

The most common insulation today for high-voltage windings is an enamel coating on the wire,
with kraft paper used between layers. Low-voltage strip can be bare with paper insulation between
layers. The use of paper wrapping on strap conductor is slowly being replaced by synthetic polymer
coatings or wrapping with synthetic cloth. For special applications, synthetic paper such as DuPont’s
Nomex' can be used in place of kraft paper to permit higher continuous operating temperatures within
the transformer coils.

3.2.5.1 Thermally Upgraded Paper

In 1958, manufacturers introduced insulating paper that was chemically treated to resist breakdown due
to thermal aging. At the same time, testing programs throughout the industry were showing that the
estimates of transformer life being used at the time were extremely conservative. By the early 1960s,
citing the functional-life testing results, the industry began to change the standard average winding-
temperature rise for distribution transformers, first to a dual rating of 55°C/65°C and then to a single
65°C rating (IEEE, 1995). In some parts of the world, the distribution transformer standard remains
at 55°C rise for devices using nonupgraded paper.

3.2.6 Conductor Joining

The introduction of aluminum wire, strap, and strip conductors and enamel coatings presented a
number of challenges to distribution transformer manufacturers. Aluminum spontaneously forms
an insulating oxide coating when exposed to air. This oxide coating must be removed or avoided
whenever an electrical connection is desired. Also, electrical-conductor grades of aluminum are quite
soft and are subject to cold flow and differential expansion problems when mechanical clamping is
attempted. Some methods of splicing aluminum wires include soldering or crimping with special crimps
that penetrate enamel and oxide coatings and seal out oxygen at the contact areas. Aluminum strap or
strip conductors can be TIG (tungsten inert gas)-welded. Aluminum strip can also be cold-welded or
crimped to other copper or aluminum connectors. Bolted connections can be made to soft aluminum if
the joint area is properly cleaned. “Belleville” spring washers and proper torquing are used to control the
clamping forces and contain the metal that wants to flow out of the joint. Aluminum joining problems
are sometimes mitigated by using hard alloy tabs with tin plating to make bolted joints using standard
hardware.

3.2.7 Coolants
3.2.7.1 Mineral Oil

Mineral oil surrounding a transformer core—coil assembly enhances the dielectric strength of the
winding and prevents oxidation of the core. Dielectric improvement occurs because oil has a greater
electrical withstand than air and because the dielectric constant of oil (2.2) is closer to that of the

'Nomex is a registered trademark of E.I. duPont de Nemours & Co., Wilmington, DE.
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insulation. As a result, the stress on the insulation is lessened when oil replaces air in a dielectric system.
Oil also picks up heat while it is in contact with the conductors and carries the heat out to the tank
surface by self-convection. Thus a transformer immersed in oil can have smaller electrical clearances and
smaller conductors for the same voltage and kVA ratings.

3.2.7.2 Askarels

Beginning about 1932, a class of liquids called askarels or polychlorinated biphenyls (PCB) was used
as a substitute for mineral oil where flammability was a major concern. Askarel-filled transformers
could be placed inside or next to a building where only dry types were used previously. Although
these coolants were considered nonflammable, when used in electrical equipment they could
decompose when exposed to electric arcs or fires to form hydrochloric acid and toxic furans and dioxins.
The compounds were further undesirable because of their persistence in the environment and their
ability to accumulate in higher animals, including humans. Testing by the U.S. Environmental Protection
Agency has shown that PCBs can cause cancer in animals and cause other noncancerous health effects.
Studies in humans provide supportive evidence for potential carcinogenic and noncarcinogenic
effects of PCBs (http://www.epa.gov). The use of askarels in new transformers was outlawed in 1977
(Claiborne, 1999). Work still continues to retire and properly dispose off transformers containing askarels
or askarel-contaminated mineral oil. Current ANSI/IEEE standards require transformer manufacturers
to state on the nameplate that new equipment left the factory with less than 2-ppm PCBs in the oil
(IEEE, 2000).

3.2.7.3 High-Temperature Hydrocarbons

Among the coolants used to take the place of askarels in distribution transformers are high-temperature
hydrocarbons (HTHC), also called high-molecular-weight hydrocarbons. These coolants are classified
by the National Electric Code as “less flammable” if they have a fire point above 300°C. The disadvan-
tages of HTHC:s include increased cost and a diminished cooling capacity from the higher viscosity that
accompanies the higher molecular weight.

3.2.7.4 Silicones

Another coolant that meets the National Electric Code requirements for a less-flammable liquid is a
silicone, chemically known as polydimethylsiloxane. Silicones are only occasionally used because they
exhibit biological persistence if spilled and are more expensive than mineral oil or HTHCs.

3.2.7.5 Halogenated Fluids

Mixtures of tetrachloroethane and mineral oil were tried as an oil substitute for a few years. This and
other chlorine-based compounds are no longer used because of a lack of biodegradability, the tendency
to produce toxic by-products, and possible effects on the Earth’s ozone layer.

3.2.7.6 Esters

Synthetic esters are being used in Europe, where high-temperature capability and biodegradability are
most important and their high cost can be justified, for example, in traction (railroad) transformers.
Transformer manufacturers in the U.S. are now investigating the use of natural esters obtained
from vegetable seed oils. It is possible that agricultural esters will provide the best combination of
high-temperature properties, stability, biodegradability, and cost as an alternative to mineral oil in
distribution transformers (Oommen and Claiborne, 1996).

3.2.8 Tank and Cabinet Materials

A distribution transformer is expected to operate satisfactorily for a minimum of 30 years in an outdoor
environment while extremes of loading work to weaken the insulation systems inside the transformer.
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FIGURE 3.2 Typical three-phase pad-mounted distribution transformer. (By permission of ABB Inc., Jefferson
City, MO.)

This high expectation demands the best in state-of-the-art design, metal processing, and coating
technologies. A typical three-phase pad-mounted transformer is illustrated in Figure 3.2.

3.2.8.1 Mild Steel

Almost all overhead and pad-mounted transformers have their tank and cabinet parts made from mild
carbon steel. In recent years, major manufacturers have started using coatings applied by electrophoretic
methods (aqueous deposition) and by powder coating. These new methods have largely replaced the
traditional flow-coating and solvent-spray application methods.

3.2.8.2 Stainless Steel

Since the mid-1960s, single-phase submersibles have almost exclusively used AISI 400-series stainless
steel. These grades of stainless steel were selected for their good welding properties and their tendency to
resist pit-corrosion. Both 400-series and the more expensive 304L (low-carbon chromium-nickel)
stainless steel have been used for pad mounts and pole types where severe environments justify the
added cost. Transformer users with severe coastal environments have observed that pad mounts show
the worst corrosion damage where the cabinet sill and lower areas of the tank contact the pad. This is
easily explained by the tendency for moisture, leaves, grass clippings, lawn chemicals, etc. to collect on
the pad surface. Higher areas of a tank and cabinet are warmed and dried by the operating transformer,
but the lowest areas in contact with the pad remain cool. Also, the sill and tank surfaces in contact
with the pad are most likely to have the paint scratched. To address this, manufacturers sometimes
offer hybrid transformers, where the cabinet sill, hood, or the tank base may be selectively made from
stainless steel.

3.2.8.3 Composites

There have been many attempts to conquer the corrosion tendencies of transformers by replacing metal
structures with reinforced plastics. One of the more successful is a one-piece composite hood for single-
phase pad-mounted transformers (Figure 3.3).
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FIGURE 3.3 Single-phase transformer with composite hood. (By permission of ABB Inc., Jefferson City, MO.)

3.2.9 Modern Processing
3.2.9.1 Adhesive Bonding

Today’s distribution transformers almost universally use a kraft insulating paper that has a diamond
pattern of epoxy adhesive on each side. Each finished coil is heated before assembly. The heating drives
out any moisture that might be absorbed in the insulation. Bringing the entire coil to the elevated
temperature also causes the epoxy adhesive to bond and cure, making the coil into a solid mass, which is
more capable of sustaining the high thermal and mechanical stresses that the transformer might
encounter under short-circuit current conditions while in service. Sometimes the application of heat
is combined with clamping of the coil sides to ensure intimate contact of the epoxy-coated paper with
the conductors as the epoxy cures. Another way to improve adhesive bonding in the high-voltage
winding is to flatten round wire as the coil is wound. This produces two flat sides to contact adhesive
on the layer paper above and below the conductor. It also improves the space factor of the conductor
cross section, permitting more actual conductor to fit within the same core window. Flattened
conductor is less likely to “gutter” or fall into the spaces in the previous layer, damaging the layer
insulation. Figure 3.4 shows a cross section of enameled

round wire after flattening.

3.2.9.2 Vacuum Processing

With the coil still warm from the bonding process, transform-
ers are held at a high vacuum while oil flows into the tank.
The combination of heat and vacuum assures that all mois-
ture and all air bubbles have been removed from the coil,
providing electrical integrity and a long service-life. Factory
processing with heat and vacuum is impossible to duplicate in
the field or in most service facilities. Transformers, if opened,
should be exposed to the atmosphere for minimal amounts of
time, and oil levels should never be taken down below the  ERIGURE 3.4 Cross section of enameled
tops of the coils. All efforts must be taken to keep air bubbles  round wire after flattening. (By permission
out of the insulation structure. of ABB Inc., Jefferson City, MO.)
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3.3 General Transformer Design

3.3.1 Liquid-Filled vs. Dry Type

The vast majority of distribution transformers on utility systems today are liquid filled. Liquid-filled
transformers offer the advantages of smaller size, lower cost, and greater overload capabilities compared
with dry types of the same rating.

3.3.2 Stacked vs. Wound Cores

Stacked-core construction favors the manufacturer who makes a small quantity of widely varying special
designs in its facility. A manufacturer who builds large quantities of identical designs will benefit from
the automated fabrication and processing of wound cores. Figure 3.5 shows three-phase stacked and
wound cores.

3.3.3 Single Phase

The vast majority of distribution transformers used in North America are single phase, usually serving
a single residence or as many as 14 to 16, depending on the characteristics of the residential load.
Single-phase transformers can be connected into banks of two or three separate units. Each unit in a
bank should have the same voltage ratings but need not supply the same kVA load.

3.3.3.1 Core-Form Construction

A single core loop linking two identical winding coils is referred to as core-form construction. This is
illustrated in Figure 3.6.

Three-phase four-legged core Three-phase five-legged core

FIGURE 3.5 Three- and four-legged stacked cores and five-legged wound core. (From IEEE C57.105-1978, IEEE
Guide for Application of Transformer Connections in Three-Phase Distribution Systems, copyright 1978 by the
Institute of Electrical and Electronics Engineers, Inc. The IEEE disclaims any responsibility or liability resulting from
the placement and use in the described manner. Information is reprinted with the permission of the IEEE.)
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Single-phase core-type transformer

FIGURE 3.6 Core-form construction. (From IEEE C57.105-1978, IEEE Guide for Application of Transformer
Connections in Three-Phase Distribution Systems, copyright 1978 by the Institute of Electrical and Electronics
Engineers, Inc. The IEEE disclaims any responsibility or liability resulting from the placement and use in the
described manner. Information is reprinted with the permission of the IEEE.)

3.3.3.2 Shell-Form Construction

A single winding structure linking two core loops is referred to as shell-form construction. This is
illustrated in Figure 3.7.

)

e

Single-phase shell-type transformer

FIGURE 3.7 Shell-form construction. (From IEEE C57.105-1978, IEEE Guide for Application of Transformer
Connections in Three-Phase Distribution Systems, copyright 1978 by the Institute of Electrical and Electronics
Engineers, Inc. The IEEE disclaims any responsibility or liability resulting from the placement and use in the
described manner. Information is reprinted with the permission of the IEEE.)
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FIGURE 3.8 LO-HI-LO and LO-HI configurations. (By permission of ABB Inc., Jefferson City, MO.)

3.3.3.3 Winding Configuration

Most distribution transformers for residential service are built as a shell form, where the secondary winding
is split into two sections with the primary winding in between. This so-called LO-HI-LO configuration
results in a lower impedance than if the secondary winding is contiguous. The LO-HI configuration is
used where the higher impedance is desired and especially on higher-kVA ratings where higher
impedances are mandated by standards to limit short-circuit current. Core-form transformers are always
built LO-HI because the two coils must always carry the same currents. A 120/240 V service using a
core-form in the LO-HI-LO configuration would need eight interconnected coil sections. This is
considered too complicated to be commercially practical. LO-HI-LO and LO-HI configurations are
illustrated in Figure 3.8.

3.3.4 Three Phase

Most distribution transformers built and used outside North America are three phase, even for
residential service. In North America, three-phase transformers serve commercial and industrial sites
only. All three-phase distribution transformers are said to be of core-form construction, although the
definitions outlined above do not hold. Three-phase transformers have one coaxial coil for each phase
encircling a vertical leg of the core structure. Stacked cores have three or possibly four vertical legs, while
wound cores have a total of four loops creating five legs or vertical paths: three down through the center
of the three coils and one on the end of each outside coil. The use of three vs. four or five legs in the core
structure has a bearing on which electrical connections and loads can be used by a particular trans-
former. The advantage of three-phase electrical systems in general is the economy gained by having the
phases share common conductors and other components. This is especially true of three-phase trans-
formers using common core structures. See Figure 3.5.

3.3.5 Duplex and Triplex Construction

Occasionally, utilities will require a single tank that contains two completely separate core—coil assem-
blies. Such a design is sometimes called a duplex and can have any size combination of single-phase
core—coil assemblies inside. The effect is the same as constructing a two-unit bank with the advantage of
having only one tank to place. Similarly, a utility may request a triplex transformer with three completely
separate and distinct core structures (of the same kVA rating) mounted inside one tank.
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3.3.6 Serving Mixed Single- and Three-Phase Loads

The utility engineer has a number of transformer configurations to choose from, and it is important to
match the transformer to the load being served. A load that is mostly single phase with a small amount
of three phase is best served by a bank of single-phase units or a duplex pair, one of which is larger to
serve the single-phase load. A balanced three-phase load is best served by a three-phase unit, with each
phase’s coil identically loaded (ABB, 1995).

3.4 Transformer Connections

3.4.1 Single-Phase Primary Connections

The primary winding of a single-phase transformer can be connected between a phase conductor and
ground or between two phase conductors of the primary system (IEEE, 2000).

3.4.1.1 Grounded Wye Connection

Those units that must be grounded on one side of the primary are usually only provided with one primary
connection bushing. The primary circuit is completed by grounding the transformer tank to the grounded
system neutral. Thus, it is imperative that proper grounding procedure be followed when the transformer
is installed so that the tank never becomes “hot.” Since one end of the primary winding is always grounded,
the manufacturer can economize the design and grade the high-voltage insulation. Grading provides less
insulation at the end of the winding closest to ground. A transformer with graded insulation usually
cannot be converted to operate phase-to-phase. The primary-voltage designation on the nameplate of a
graded insulation transformer will include the letters, “GRDY,” as in “12470 GRDY/7200,” indicating that
it must be connected phase-to-ground on a grounded wye system.

3.4.1.2 Fully Insulated Connection

Single-phase transformers supplied with fully insulated (not graded) coils and two separate primary
connection bushings may be connected phase-to-phase on a three-phase system or phase-to-ground
on a grounded wye system as long as the proper voltage is applied to the coil of the transformer.
The primary voltage designation on the nameplate of a fully insulated transformer will look like
7200/12470Y, where 7,200 is the coil voltage. If the primary voltage shows only the coil voltage, as in
2400, then the bushings can sustain only a limited voltage from the system ground, and the transformer
must be connected phase-to-phase.

3.4.2 Single-Phase Secondary Connections

Distribution transformers will usually have two, three, or four secondary bushings, and the most
common voltage ratings are 240 and 480, with and without a mid-tap connection. Figure 3.9 shows
various single-phase secondary connections.

3.4.2.1 Two Secondary Bushings

A transformer with two bushings can supply only a single voltage to the load.

3.4.2.2 Three Secondary Bushings

A transformer with three bushings supplies a single voltage with a tap at the midpoint of that voltage. This
is the common three-wire residential service used in North America. For example, a 120/240 V secondary
can supply load at either 120 or 240 V as long as neither 120-V coil section is overloaded. Transformers
with handholes or removable covers can be internally reconnected from three to two bushings in order to
serve full kVA from the parallel connection of coil sections. These are designated 120/240 or 240/480 V,
with the smaller value first. Most pad-mounted distribution transformers are permanently and completely
sealed and therefore cannot be reconnected from three to two bushings. The secondary voltage for
permanently sealed transformers with three bushings is 240/120 or 480/240 V.
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FIGURE 3.9 Single-phase secondary connections. (By permission of ABB Inc., Jefferson City, MO.)

3.4.2.3 Four Secondary Bushings

Secondaries with four bushings can be connected together external to the transformer to create a mid-
tap connection with one bushing in common, or a two-bushing connection where the internal coil
sections are paralleled. The four-bushing secondary will be designated as 120/240 or 240/480 V,
indicating that a full kVA load can be served at the lower voltage. The distinction between 120/240
and 240/120 V must be carefully followed when pad-mounted transformers are being specified.

3.4.3 Three-Phase Connections

When discussing three-phase distribution transformer connections, it is well to remember that this
can refer to a single three-phase transformer or single-phase transformers interconnected to create a
three-phase bank. For either an integrated transformer or a bank, the primary or secondary can be wired in
either delta or wye connection. The wye connections can be either grounded or ungrounded. However, not
all combinations will operate satisfactorily, depending on the transformer construction, characteristics of
the load, and the source system. Detailed information on three-phase connections can be found in the
literature (ABB, 1995; IEEE, 1978a). Some connections that are of special concern are listed below.

3.4.3.1 Ungrounded Wye-Grounded Wye

A wye—wye connection where the primary neutral is left floating produces an unstable neutral where
high third-harmonic voltages are likely to appear. In some Asian systems, the primary neutral is
stabilized by using a three-legged core and by limiting current unbalance on the feeder at the substation.

3.4.3.2 Grounded Wye-Delta

This connection is called a grounding transformer. Unbalanced primary voltages will create high currents in
the delta circuit. Unless the transformer is specifically designed to handle these circulating currents, the
secondary windings can be overloaded and burn out. Use of the ungrounded wye—delta is suggested instead.

3.4.3.3 Grounded Wye-Grounded Wye

A grounded wye—wye connection will sustain unbalanced voltages, but it must use a four- or five-legged
core to provide a return path for zero-sequence flux.

3.4.3.4 Three-Phase Secondary Connections-Delta

Three-phase transformers or banks with delta secondaries will have simple nameplate designations such
as 240 or 480. If one winding has a mid-tap, say for lighting, then the nameplate will say 240/120
or 480/240, similar to a single-phase transformer with a center tap. Delta secondaries can be grounded
at the mid-tap or any corner.
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3.4.3.5 Three-Phase Secondary Connections-Wye
Popular voltages for wye secondaries are 208Y /120, 480Y/277, and 600Y /347

3.4.4 Duplex Connections

Two single-phase transformers can be connected into a bank having either an open-wye or open-delta
primary along with an open-delta secondary. Such banks are used to serve loads that are predominantly
single phase but with some three phase. The secondary leg serving the single-phase load can have a mid-
tap, which may be grounded.

3.4.5 Other Connections

For details on other connections such as T-T and zigzag, consult the listed references (IEEE, 2002b; ABB,
1995; IEEE, 1978a).

3.4.6 Preferred Connections

In the earliest days of electric utility systems, it was found that induction motors drew currents that exhibited
a substantial third-harmonic component. In addition, transformers on the system that were operating
close to the saturation point of their cores had third harmonics in the exciting current. One way to keep
these harmonic currents from spreading over an entire system was to use delta-connected windings in
transformers. Third-harmonic currents add up in-phase in a delta loop and flow around the loop,
dissipating themselves as heat in the windings but minimizing the harmonic voltage distortion that might
be seen elsewhere on the utility’s system. With the advent of suburban underground systems in the 1960s, it
was found that a transformer with a delta-connected primary was more prone to ferroresonance problems
because of higher capacitance between buried primary cables and ground. An acceptable preventive was
to go to grounded-wye—grounded-wye transformers on all but the heaviest industrial applications.

3.5 Operational Concerns

Even with the best engineering practices, abnormal situations can arise that may produce damage to
equipment and compromise the continuity of the delivery of quality power from the utility.

3.5.1 Ferroresonance

Ferroresonance is an overvoltage phenomenon that occurs when charging current for a long underground
cable or other capacitive reactance saturates the core of a transformer. Such a resonance can result in voltages
as high as five times the rated system voltage, damaging lightning arresters and other equipment and possibly
even the transformer itself. When ferroresonance is occurring, the transformer is likely to produce loud
squeals and groans, and the noise has been likened to the sound of steel roofing being dragged across a
concrete surface. A typical ferroresonance situation is shown in Figure 3.10 and consists of long under-
ground cables feeding a transformer with a delta-connected primary. The transformer is unloaded or very
lightly loaded and switching or fusing for the circuit operates one phase at a time. Ferroresonance can
occur when energizing the transformer as the first switch is closed, or it can occur if one or more distant
fuses open and the load is very light. Ferroresonance is more likely to occur on systems with higher
primary voltage and has been observed even when there is no cable present. All of the contributing
factors—delta or wye connection, cable length, voltage, load, single-phase switching—must be considered
together. Attempts to set precise limits for prevention of the phenomenon have been frustrating.

3.5.2 Tank Heating

Another phenomenon that can occur to three-phase transformers because of the common core structure
between phases is tank heating. Wye—wye-connected transformers that are built on four- or five-legged
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FIGURE 3.10 Typical ferroresonance situation. (From IEEE C57.105-1978, IEEE Guide for Application of Trans-
former Connections in Three-Phase Distribution Systems, copyright 1978 by the Institute of Electrical and
Electronics Engineers, Inc. The IEEE disclaims any responsibility or liability resulting from the placement and use
in the described manner. Information is reprinted with the permission of the IEEE.)

cores are likely to saturate the return legs when zero-sequence voltage exceeds about 33% of the normal line-
to-neutral voltage. This can happen, for example, if two phases of an overhead line wrap together and are
energized by a single electrical phase. When the return legs are saturated, magnetic flux is then forced out of
the core and finds a return path through the tank walls. Eddy currents produced by magnetic flux in the
ferromagnetic tank steel will produce tremendous localized heating, occasionally burning the tank paint and
boiling the oil inside. For most utilities, the probability of this happening is so low that it is not economically
feasible to take steps to prevent it, other than keeping trees trimmed. A few, with a higher level of concern,
purchase only triplex transformers, having three separate core—coil assemblies in one tank.

3.5.3 Polarity and Angular Displacement

The phase relationship of single-phase transformer voltages is described as “polarity.” The term for
voltage phasing on three-phase transformers is “angular displacement.”

3.5.3.1 Single-Phase Polarity

The polarity of a transformer can either be additive or subtractive. These terms describe the voltage that
may appear on adjacent terminals if the remaining terminals are jumpered together. The origin of
the polarity concept is obscure, but apparently, early transformers having lower primary voltages
and smaller kVA sizes were first built with additive polarity. When the range of kVAs and voltages was
extended, a decision was made to switch to subtractive polarity so that voltages between adjacent
bushings could never be higher than the primary voltage already present. Thus, the transformers built
to ANSI standards today are additive if the voltage is 8,660 or below and the kVA is 200 or less; otherwise
they are subtractive. This differentiation is strictly a U.S. phenomenon. Distribution transformers built
to Canadian standards are all additive, and those built to Mexican standards are all subtractive. Although
the technical definition of polarity involves the relative position of primary and secondary bushings, the
position of primary bushings is always the same according to standards. Therefore, when facing
the secondary bushings of an additive transformer, the X; bushing is located to the right (of Xj3),
while for a subtractive transformer, X is farthest to the left. To complicate this definition, a single-phase
pad-mounted transformer built to ANSI standard Type 2 will always have the X, mid-tap bushing on the
lowest right-hand side of the low-voltage slant pattern. Polarity has nothing to do with the internal
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FIGURE 3.11 Single-phase polarity. (From IEEE C57.12.90-1999. The IEEE disclaims any responsibility or liability
resulting from the placement and use in the described manner. Information is reprinted with the permission of the IEEE.)

construction of the transformer windings but only with the routing of leads to the bushings. Polarity
only becomes important when transformers are being paralleled or banked. Single-phase polarity is
illustrated in Figure 3.11.

3.5.3.2 Three-Phase Angular Displacement

The phase relation of voltage between H; and X, bushings on a three-phase distribution transformer is
referred to as angular displacement. ANSI standards require that wye—wye and delta—delta transformers have
0° displacement. Wye—delta and delta—wye transformers will have X; lagging H; by 30°. This difference in
angular displacement means that care must be taken when three-phase transformers are paralleled to serve
large loads. Sometimes the phase difference is used to advantage, such as when supplying power to 12-pulse
rectifiers or other specialized loads. European standards permit a wide variety of displacements, the most
common being Dy11. This IEC designation is interpreted as Delta primary—wye secondary, with X, lagging
H; by 11 x 30°=330°, or leading by 30°. The angular displacement of Dy11 differs from the ANSI angular
displacement by 60°. Three-phase angular displacement is illustrated in Figure 3.12.
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FIGURE 3.12 Three-phase angular displacement. (From IEEE C57.105-1978. The IEEE disclaims any responsibil-
ity or liability resulting from the placement and use in the described manner. Information is reprinted with the
permission of the IEEE.)

© 2006 by Taylor & Francis Group, LLC.



3.6 Transformer Locations

3.6.1 Overhead

With electric wires being strung at the tops of poles to keep them out of the reach of the general public, it
is obvious that transformers would be hung on the same poles, as close as possible to the high-voltage
source conductors. Larger units were often placed on overhead platforms in alleyways, or alongside
buildings, or on ground-level pads protected by fencing. While overhead construction is still the most
economical choice in rural areas, it has the disadvantage of susceptibility to ice and wind storms. Also
the public no longer perceives overhead wiring as a sign of progress, instead considering it an eyesore
that should be eliminated from view. This has lead to most new construction being underground in
some areas, rather than overhead.

3.6.2 Underground

Larger cities with concentrated commercial loads and tall buildings have had underground primary
cables and transformers installed in below-grade ventilated vaults since the early part of the 20th century.
By connecting many transformers into a secondary network, service to highly concentrated loads can be
maintained even though a single transformer may fail. In a secondary network, temporary overloads can
be shared among all the connected transformers.

The use of underground distribution for light industrial, commercial and residential service became
popular in the 1960s, with the emphasis on beautification that promoted fences around scrap yards and
the elimination of overhead electric and telephone lines. The most common construction method for
residential electric services is underground primary cables feeding a transformer placed on a pad at
ground level. The problems of heat dissipation and corrosion are only slightly more severe than for
overheads, but they are substantially reduced compared with transformers confined in below-grade
ventilated vaults. Since pad mounts are intended to be placed in locations that are frequented by the
general public, the operating utility has to be concerned about security of the locked cabinet covering
the primary and secondary connections to the transformer. The industry has established standards
for security against unauthorized entry and vandalism of the cabinet and for locking provisions (IEEE
C57.12.28 and IEEE C57.12.29). Another concern is the minimization of sharp corners or edges that
may be hazardous to children at play and that also has been addressed by standards. The fact that pad-
mounted transformers can operate with surface temperatures near the boiling point of water is a further
concern that is voiced from time to time. One argument used to minimize the danger of burns is to
point out that it is no more hazardous to touch a hot transformer than it is to touch the hood of an
automobile on a sunny day. From a scientific standpoint, research has shown that people will pull away
after touching a hot object in a much shorter time than it takes to sustain a burn injury. The point above
which persons might be burned is about 150°C (Hayman et al., 1973). See Section 3.7 for a detailed
description of underground transformers.

3.6.3 Directly Buried

Through the years, attempts have been made to place distribution transformers directly in the ground
without a means of ventilation. A directly buried installation may be desirable because it is completely out
of sight and cannot be damaged by windstorms, trucks and automobiles, or lawn mowers. There are three
major challenges when directly buried installations are considered: the limited operational accessibility, a
corrosive environment, and the challenge of dissipating heat from the transformer. The overall experience
has been that heat from a buried transformer tends to dry out earth that surrounds it, causing the earth to
shrink and create gaps in the heat-conduction paths to the ambient soil. If a site is found that is always
moist, then heat conduction may be assured, but corrosion of the tank or of cable shields is still a major
concern. Within the last several years, advances in encapsulation materials and techniques have fostered
development of a solid-insulation distribution transformer that can be installed in a ventilated vault or
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directly buried using thermal backfill materials while maintaining loadability comparable with overhead
or pad-mounted transformers. For further information, see Section 3.7.4.

3.6.4 Interior Installations

Building codes generally prohibit the installation of a distribution transformer containing mineral oil
inside or immediately adjacent to an occupied building. The options available include use of a dry-type
transformer or the replacement of mineral oil with a less-flammable coolant. See Section 3.2.7 regarding
coolants.

3.7 Underground Distribution Transformers

Underground transformers are self-cooled, liquid-filled, sealed units designed for step-down operation
from an underground primary-cable supply. They are available in both single- and three-phase designs.
Underground transformers can be separated into three subgroups: those designed for installation in
room-like vaults, those designed for installation in surface-operable enclosures, and those designed for
installation on a pad at ground level.

3.7.1 Vault Installations

The vault provides the required ventilation, access for operation, maintenance, and replacement, while at
the same time providing protection against unauthorized entry. Vaults used for transformer installations
are large enough to allow personnel to enter the enclosure, typically through a manhole and down a
ladder. Vaults have been used for many decades, and it is not uncommon to find installations that date
back to the days when only paper-and-lead-insulated primary cable was available. Transformers for vault
installations are typically designed for radial application and have a separate fuse installation on their
source side.
Vaults can incorporate many features:

* Removable top sections for transformer replacement
+ Automatic sump pumps to keep water levels down

+ Chimneys to increase natural air flow

* Forced-air circulation

Transformers designed for vault installation are sometimes installed in a room inside a building. This,
of course, requires a specially designed room to limit exposure to fire and access by unauthorized
personnel and to provide sufficient ventilation. Both mineral-oil-filled units and units with one of
the less-flammable insulating oils are used in these installations. These installations are also made using
dry-type or pad-mounted transformers.

Transformers for vault installation are manufactured as either subway transformers or as vault-type
transformers, which, according to IEEE C57.12.40, are defined as follows:

Vault-type transformers are suitable for occasional submerged operation.
Subway transformers are suitable for frequent or continuous submerged operation.

From the definitions, the vault-type transformer should only be used when a sump pump is installed,
while the subway-type could be installed without a sump pump. The principal distinction between
vault-type and subway transformers is their corrosion resistance. For example, the 1994 version of the
network standard, C57.12.40, required the auxiliary coolers to have a corrosion-resistance equivalence of
not less than 5/16 in. of copper-bearing steel for subway transformers but only 3/32 in. for vault-type
transformers. In utility application, vault and subway types may be installed in the same type of
enclosure and the use of a sump pump is predicated more on the need for quick access for operations
than it is on whether the transformer is a vault or subway type.
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FIGURE 3.13 Network transformer with protector. (By permission of Pacific Gas and Electric Company,
San Francisco, CA.)

3.7.1.1 Transformers for Vault Installation
3.7.1.1.1 Network Transformers

As defined in IEEE C57.12.80, network transformers (see Figure 3.13) are designed for use in vaults
to feed a variable-capacity system of interconnected secondaries. They are three-phase transformers
that are designed to connect through a network protector to a secondary network system. Network
transformers are typically applied to serve loads in the downtown areas of major cities. National
standard IEEE C57.12.40 details network transformers. The standard kVA ratings are 300, 500, 750,
1000, 1500, 2000, and 2500 kVA. The primary voltages range from 2400 to 34,500 V. The secondary
voltages are 216Y/125 or 480Y/277.

Network transformers are built as either vault type or subway type. They typically incorporate a
primary switch with open, closed, and ground positions. Primary cable entrances are made by one of the
following methods:

1. Wiping sleeves or entrance fittings for connecting to lead cables—either one three-conductor or
three single-conductor fittings or sleeves.
2. Bushing wells or integral bushings for connecting to plastic cables—three wells or three bushings.

3.7.1.1.2 Network Protectors

Although not a transformer, the network protector is associated with the network transformer. The
protector is an automatic switch that connects and disconnects the transformer from the secondary
network being served. The protector connects the transformer when power flows from the primary
circuit into the secondary network and it disconnects on reverse power flow from the secondary to the
primary. The protector is described in IEEE C57.12.44. The protector is typically mounted on the
secondary throat of the network transformer, as shown in Figure 3.13.

3.7.1.1.3 Single-Phase Subway or Vault Types

These are round single-phase transformers designed to be installed in a vault and capable of being banked
together to provide three-phase service (Figure 3.14). These can be manufactured as either subway-type or
vault-type transformers. They are typically applied to serve small- to medium-sized commercial three-phase
loads. The standard kVA ratings are 25, 37.5, 50, 75, 100, 167, and 250 kVA. Primary voltages range from
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FIGURE 3.14 Single-phase subway. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)

2400 to 34,500 V, with the secondary voltage usually being 120/240. Four secondary bushings allow the
secondary windings to be connected in parallel for wye connections or in series for delta connections.
The secondary can be either insulated cables or spades. The units are designed to fit through a standard
36-in.-diameter manhole. They are not specifically covered by a national standard; however, they are very
similar to the units in IEEE C57.12.23. Units with three primary bushings or wells, and with an internal
primary fuse (Figure 3.15), allow for connection in closed-delta, wye, or open-wye banks. They can also be
used for single-phase phase-to-ground connections.

Units with two primary bushings or wells and with two internal primary fuses (Figure 3.16) allow
for connection in an open-delta or an open-wye bank. This construction also allows for single-phase
line-to-line connections.

3.7.1.1.4 Three-Phase Subway or Vault Types

These are rectangular-shaped three-phase transformers that can be manufactured as either subway-type
or vault-type. Figure 3.17 depicts a three-phase vault. These are used to supply large three-phase
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FIGURE 3.15 Three-bushing subway. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)
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qp

o\
@“

FIGURE 3.17 Three-phase vault. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)

commercial loads. Typically they have primary-bushing well terminations on one of the small sides and
the secondary bushings with spades on the opposite end. These are also designed for radial installation
and require external fusing. They can be manufactured in any of the standard three-phase kVA sizes and
voltages. They are not detailed in a national standard.

3.7.2 Surface-Operable Installations

The subsurface enclosure provides the required ventilation as well as access for operation, maintenance, and
replacement, while at the same time providing protection against unauthorized entry. Surface-operable
enclosures have grade-level covers that can be removed to gain access to the equipment. The enclosures
typically are just large enough to accommodate the largest size of transformer and allow for proper cable
bending. Transformers for installation in surface-operable enclosures are manufactured as submersible
transformers, which are defined in IEEE C57.12.80 as “so constructed as to be successfully operable when
submerged in water under predetermined conditions of pressure and time.” These transformers are designed
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FIGURE 3.18 Single-phase round. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)

for loop application and thus require internal protection. Submersible transformers are designed to be
connected to an underground distribution system that utilizes 200-A-class equipment. The primary is most
often #2 or 1/0 cables with 200-A elbows. While larger cables such as 4/0 can be used with the 200-A elbows,
it is not recommended. The extra stiffness of 4/0 cable makes it very difficult to avoid putting strain on the
elbow-bushing interface, which may lead to early failure. The operating points of the transformer are
arranged on or near the cover. The installation is designed to be hot-stick operable by a person standing at
ground level at the edge of the enclosure. There are three typical variations of submersible transformers.

3.7.2.1 Single-Phase Round Submersible

Single-phase round transformers (Figure 3.18) have been used since the early 1960s. These transformers
are typically applied to serve residential single-phase loads. These units are covered by IEEE C57.12.23. They
are manufactured in the normal single-phase kVA ratings of 25, 37.5, 50, 75, 100, and 167 kVA. Primary
voltages are available from 2400 through 24,940 GrdY /14,400, and the secondary is 240/120 V. They are
designed for loop-feed operation with a 200A internal bus connecting the two bushings. Three low-
voltage cable leads are provided through 100 kVA, while the 167-kVA size has six. They commonly come
in two versions—a two-primary-bushing unit (Figure 3.19) and a four-primary-bushing unit (Figure
3.20)—although only the first is detailed in the standard. The two-bushing unit is for phase-to-ground-
connected transformers, while the four-bushing unit is for phase-to-phase-connected transformers. As
these are designed for application where the primary continues after feeding through the transformer,
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FIGURE 3.19 Two-primary bushing. (By permis- FIGURE 3.20 Four-primary bushing. (By permis-
sion of Pacific Gas and Electric Company, sion of Pacific Gas and Electric Company,
San Francisco, CA.) San Francisco, CA.)
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the transformers require internal protection. The most common method is to use a secondary breaker
and an internal nonreplaceable primary-expulsion fuse element. These units are designed for installation
in a 42 or 48-in.-diameter round enclosure. Enclosures have been made of fiberglass or concrete.
Installations have been made with and without a solid bottom. Those without a solid bottom simply
rest on a gravel base.

3.7.2.2 Single-Phase Horizontal Submersible

Functionally, single-phase horizontal submersible transformers are the same as the round single phase.
However, they are designed to be installed in a rectangular enclosure, as shown in Figure 3.21. Three
low-voltage cable leads are provided through 100 kVA, while the 167-kVA size has six. They are
manufactured in both four-primary-bushing designs (Figure 3.22) and in six-primary-bushing designs
(Figure 3.23). As well as the normal single-phase versions, there is also a duplex version. This is used to
supply four-wire, three-phase, 120/240-V services from two core—coil assemblies connected open-delta
on the secondary side. The primary can be either open-delta or open-wye. Horizontal transformers also
have been in use since the early 1960s. These units are not specifically covered by a national standard.
The enclosures used have included treated plywood, fiberglass, and concrete. The plywood and fiberglass
enclosures are typically bottomless, with the transformer resting on a gravel base.

3.7.2.3 Three-Phase Submersible

The three-phase surface-operable units are detailed in IEEE C57.12.24. Typical application for these
transformers is to serve three-phase commercial loads from loop-feed primary underground cables.
Primary voltages are available from 2400 through 34,500 V. The standard three-phase kVA ratings from
75 to 1000 kVA are available with secondary voltage of 208Y/120 V. With a 480Y/277-V secondary, the
available sizes are 75 to 2500 kVA. Figure 3.24 depicts a three-phase submersible.

FIGURE 3.21 Four-bushing horizontal installed. (By permission of Pacific Gas and Electric Company,
San Francisco, CA.)
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FIGURE 3.22 Four-bushing horizontal. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)
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FIGURE 3.23 Six-bushing horizontal. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)
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FIGURE 3.24 Three-phase submersible. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)
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Protection options include

* Dry-well current-limiting fuses with an interlocked switch to prevent the fuses from being
removed while energized

* Submersible bayonet fuses with backup, under-oil, partial-range, current-limiting fuses, or with
backup internal nonreplaceable primary-expulsion fuse elements

These are commonly installed in concrete rectangular boxes with removable cover sections.

3.7.3 Vault and Subsurface Common Elements

3.7.3.1 Tank Material

The substrate and coating should meet the requirements detailed in IEEE C57.12.32. The transformers can
be constructed out of 400-series or 300-series stainless steels or out of mild carbon steel. In general, 300-
series stainless steel outperforms 400-series stainless steel, which significantly outperforms mild carbon
steel. Most of the small units are manufactured out of 400-series stainless steel, since it is significantly less
expensive than 300-series. Stainless steels from the 400-series with a good coating have been found to give
satisfactory field performance. Due to lack of material availability, many of the larger units cannot be
manufactured from 400-series stainless. With the choice then being limited to mild carbon steel or the
very expensive 300-series stainless, most of the large units are constructed out of mild carbon steel.

3.7.3.2 Temperature Rating

Kilovoltampere ratings are based on not exceeding an average winding temperature rise of 55°C and a
hottest-spot temperature rise of 70°C. However, they are constructed with the same 65°C rise insulation
systems used in overhead and pad-mounted transformers. This allows for continuous operation at rated
kVA provided that the enclosure ambient air temperature does not exceed 50°C and the average
temperature does not exceed 40°C. Utilities commonly restrict loading on underground units to a
lower limit than they do with pad-mounted or overhead units.

3.7.3.3 Siting
Subsurface units should not be installed if any of the following conditions apply:
* Soil is severely corrosive.
* Heavy soil erosion occurs.
+ High water table causes repeated flooding of the enclosures.
* Heavy snowfall occurs.
+ Severe mosquito problem exists.
3.7.3.4 Maintenance

Maintenance mainly consists of keeping the enclosure and the air vents free of foreign material. Dirt
allowed to stay packed against the tank can lead to accelerated anaerobic corrosion, resulting in tank
puncture and loss of mineral oil.

3.7.4 Emerging Issues

3.7.4.1 Water Pumping

Pumping of water from subsurface enclosures has been increasingly regulated. In some areas, water with any
oily residue or turbidity must be collected for hazardous-waste disposal. Subsurface and vault enclosures are
often subject to runoff water from streets. This water can include oily residue from vehicles. So even without
a leak from the equipment, water collected in the enclosure may be judged a hazardous waste.

3.7.4.2 West Nile Virus

Subsurface enclosures can provide breeding grounds for mosquitos. With the spread of the West Nile
virus, this can be a concern with local governmental agencies.
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FIGURE 3.25 Solid-insulation distribution transformer. (By permission of ABB Inc., Quebec.)

3.7.4.3 Solid Insulation

Transformers with solid insulation are commercially available for subsurface distribution applica-
tions (see Figure 3.25) with ratings up 167 kVA single-phase and 500 kVA three-phase. The total
encapsulation of what is essentially a dry-type transformer allows it to be applied in a subsurface
environment (direct buried or in a subsurface vault). The solid insulation distribution transformer
addresses problems often associated with underground and direct buried transformers. See Sections
3.6.2 and 3.6.3. Such installations can be out of sight, below grade, and not subject to corrosion and
contamination. Pad-mounted and pole-mounted versions are also available.

3.8 Pad-Mounted Distribution Transformers

Pad-mounted transformers are the most commonly used type of transformer for serving loads from
underground-distribution systems. They offer many advantages (some of which are listed below) over
subsurface, vault, or subway transformers.

* Installation: less expensive to purchase and easier to install

* Maintenance: easier to maintain

* Operability: easier to find, less time to open and operate

+ Loading: utilities often assign higher loading limits to pad-mounted transformers as opposed to
surface-operable or vault units

Many users and suppliers break distribution transformers into just two major categories—overhead
and underground, with pad-mounted transformers included in the underground category. The IEEE
standards, however, divide distribution transformers into three categories—overhead, underground, and
pad mounted.

Pad-mounted transformers are manufactured as either

+ Single-phase or three-phase units: single-phase units are designed to transform only one phase.
Three-phase units transform all three phases. Most three-phase transformers use one three-, four-,
or five-legged core structure, although duplex or triplex construction is used on occasion.

* Loop or radial units: loop-style units have the capability of terminating two primary conductors
per phase. Radial-style units can only terminate one primary cable per phase. The primary must
end at a radial-style unit, but from a loop style it can continue to serve other units.

+ Live-front or dead-front units: live-front units have the primary cables terminated in a stress cone
supported by a bushing. Thus the primary has exposed energized metal, or “live,” parts. Dead-front
units use primary cables that are terminated with high-voltage separable insulated connectors.
Thus the primary has all “dead” parts—no exposed metal energized at primary voltages.
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FIGURE 3.26 Typical Type 1 loop-feed system. (By permission of ABB Inc., Raleigh, NC.)

3.8.1 Single-Phase Pad-Mounted Transformers

Single-phase pad-mounted transformers are usually applied to serve residential loads. Most single-phase
transformers are manufactured as clamshell, dead-front, loop-type with an internal 200-A primary bus
designed to allow the primary to loop through and continue to feed the next transformer. These are
detailed in the ANSI C57.12.25. The standard assumes that the residential subdivision is served by a one-
wire primary extension. It details two terminal arrangements for loop-feed systems: Type 1 (Figure 3.26)
and Type 2 (Figure 3.27). Both have two primary bushings and three secondary bushings. The primary is
always on the left facing the transformer bushings with the cabinet hood open, and the secondary is on
the right. There is no barrier or division between the primary and secondary. In the Type 1 units, both
primary and secondary cables rise directly up from the pad. In Type 2 units, the primary rises from the
right and crosses the secondary cables that rise from the left. Type 2 units can be shorter than the Type 1
units, since the crossed cable configuration gives enough free cable length to operate the primary elbow
terminations without requiring the bushing to be placed as high. Although not detailed in the national

FIGURE 3.27 Typical Type 2 loop-feed system. (By permission of ABB Inc., Raleigh, NC.)
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FIGURE 3.28 Single-phase live front. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)

standard, there are units built with four and with six primary bushings. The four-bushing units are used
for single-phase lines, with the transformers connected phase-to-phase. The six-primary-bushing units
are used to supply single-phase loads from three-phase taps. Terminating all of the phases in the
transformer allows all of the phases to be sectionalized at the same location. The internal single-phase
transformer can be connected either phase-to-phase or phase-to-ground. The six-bushing units also
allow the construction of duplex pad-mounted units that can be used to supply small three-phase loads
along with the normal single-phase residential load. In those cases, the service voltage is four-wire, three-
phase, 120/240 V.

Cabinets for single-phase transformers are typically built in the clamshell configuration with one
large door that swings up, as shown in Figure 3.26 and Figure 3.27. Older units were manufactured
with two doors, similar to the three-phase cabinets. New installations are almost universally dead
front; however, live-front units (see Figure 3.28) are still purchased for replacements. These units are also
built with clamshell cabinets but have an internal box-shaped insulating barrier constructed around the
primary connections.

3.8.2 Three-Phase Pad-Mounted Transformers

Three-phase pad-mounted transformers are typically applied to serve commercial and industrial
three-phase loads from underground distribution systems. Both the live-front and the dead-front
pad-mounted transformers are detailed in IEEE C57.12.34.

3.8.3 Live Front

Live-front transformers are specified as radial units and thus do not come with any fuse protection. See
Figure 3.29. The primary compartment is on the left and the secondary compartment is on the right,
with a rigid barrier separating them. The secondary door must be opened before the primary door can
be opened. Stress-cone-terminated primary cables rise vertically and connect to the terminals on the end
of the high-voltage bushings. Secondary cables rise vertically and are terminated on spades connected to
the secondary bushings. Units with a secondary of 208Y/120 V are available up to 1000 kVA. Units with a
secondary of 480Y/277 V are available up to 2500 kVA.

Although not detailed in a national standard, there are many similar types available. A loop-style live
front (Figure 3.30) can be constructed by adding fuses mounted below the primary bushings.
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FIGURE 3.29 Radial-style live front. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)
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FIGURE 3.30 Loop-style live front. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)

Two primary cables are then both connected to the bottom of the fuse. The loop is then made at the
terminal of the high-voltage bushing, external to the transformer but within its primary compartment.

3.8.4 Dead Front

Both radial- and loop-feed dead-front pad-mounted transformers are detailed in the standard. Radial-
style units have three primary bushings arranged horizontally, as seen in Figure 3.31. Loop-style units
have six primary bushings arranged in a V pattern, as seen in Figure 3.32 and Figure 3.33. In both, the
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FIGURE 3.31 Radial-style dead front. (By permission of Pacific Gas and Electric Company, San Francisco, CA.)
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FIGURE 3.33 Large loop-style dead front. (By permission of ABB Inc., Raleigh, NC.)

primary compartment is on the left and the secondary compartment is on the right, often with a rigid
barrier between them. The secondary door must be opened before the primary door can be opened. The
primary cables are terminated with separable insulated high-voltage connectors, commonly referred to
as 200-A elbows, specified in IEEE 386. These plug onto the primary bushings, which can be either
bushing wells with an insert or they can be integral bushings. Bushing wells with inserts are preferred, as
they allow both the insert and elbow to be easily replaced should a failure occur. Units with a secondary
of 208Y/120 V are available up to 1000 kVA. Units with a secondary of 480Y/277 V are available up
to 2500 kVA.

3.8.5 Additional Ratings

In addition to what is shown in the national standards, there are other variations available. The smallest size
in the national standards is the 75 kVA unit. However, 45 kVA units are also manufactured in the normal
secondary voltages. Units with higher secondary voltages, such as 2400 and 4160Y /2400, are manufactured
in sizes up to 3750 kVA. There is also a style being produced that is a cross between single- and three-phase
units. A small three-phase transformer is placed in a six-bushing loop-style clamshell cabinet, as seen in
Figure 3.34. These are available from 45 to 150 kVA in both 208Y/120 and 480Y/277 V secondaries.

3.8.6 Pad-Mount Common Elements
3.8.6.1 Protection

Most distribution transformers include some kind of primary overcurrent protection. For a detailed
discussion, see Section 3.13.
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FIGURE 3.34 Mini three-phase in clamshell cabinet. (By permission of ABB Inc., Raleigh, NC.)

3.8.6.2 Primary Conductor

Pad-mounted transformers are designed to be connected to an underground distribution system that
utilizes 200-A-class equipment. The primary is most often #2 or 1/0 cables with 200-A elbows or stress
cones. It is recommended that larger cables such as 4/0 not be used with the 200-A elbows. The extra
stiffness of 4/0 cable makes it very difficult to avoid putting strain on the elbow-bushing interface,
leading to premature elbow failures.

3.8.6.3 Pad

Pads are made out of various materials. The most common is concrete, which can be either poured in
place or precast. Concrete is suitable for any size pad. Pads for single-phase transformers are also
commonly made out of fiberglass or polymer-concrete.

3.8.6.4 Enclosure

There are two national standards that specify the requirements for enclosure integrity for pad-mounted
equipment: IEEE C57.12.28 for normal environments and IEEE C57.12.29 for coastal environments.
The tank and cabinet of pad-mounted transformers are commonly manufactured out of mild carbon
steel. When applied in corrosive areas, such as near the ocean, they are commonly made out of 300- or
400-series stainless steel. In general, 300-series stainless steel will outperform 400-series stainless steel,
which significantly outperforms mild carbon steel in corrosive applications.

3.8.6.5 Maintenance

Maintenance mainly consists of keeping the enclosure rust free and in good repair so that it remains
tamper resistant, i.e., capable of being closed and locked so that it resists unauthorized entry.

3.8.6.6 Temperature Rating

The normal temperature ratings are used. The kilovoltampere ratings are based on not exceeding an
average winding temperature rise of 65°C and a hottest-spot temperature rise of 80°C over a daily
average ambient of 30°C.

3.8.6.7 Tilting

Pad-mounted transformers are initially installed level; however, they can tilt after installation due to soil
movement. Figure 3.35 shows a pad-mounted transformer as found in the field. The question that
arises is when does this need to be corrected? The answer is not simple. A stable tilt may require no
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FIGURE 3.35 Tilting pad mount transformer.

action while an increasing tilt will require action at some point. If strain is being placed on a bushing by
stretched cables then action is needed. Internally, the core/coil assembly needs to remain under oil as
does any operable component such as switches and fuses. Unfortunately, it is not easy task to determine
the allowed maximum angle of tilt.

3.9 Transformer Losses

3.9.1 No-Load Loss and Exciting Current

When alternating voltage is applied to a transformer winding, an alternating magnetic flux is induced in
the core. The alternating flux produces hysteresis and eddy currents within the electrical steel, causing
heat to be generated in the core. Heating of the core due to applied voltage is called no-load loss. Other
names are iron loss or core loss. The term “no-load” is descriptive because the core is heated regardless
of the amount of load on the transformer. If the applied voltage is varied, the no-load loss is very
roughly proportional to the square of the peak voltage, as long as the core is not taken into saturation.
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The current that flows when a winding is energized is called the “exciting current” or “magnetizing
current,” consisting of a real component and a reactive component. The real component delivers power
for no-load losses in the core. The reactive current delivers no power but represents energy momentarily
stored in the winding inductance. Typically, the exciting current of a distribution transformer is less than
0.5% of the rated current of the winding that is being energized.

3.9.2 Load Loss

A transformer supplying load has current flowing in both the primary and secondary windings that will
produce heat in those windings. Load loss is divided into two parts, I°R loss and stray losses.

3.9.2.1 I’R Loss

Each transformer winding has an electrical resistance that produces heat when load current flows.
Resistance of a winding is measured by passing direct current through the winding to eliminate
inductive effects.

3.9.2.2 Stray Losses

When alternating current is used to measure the losses in a winding, the result is always greater than the
I’R measured with direct current. The difference between dc and ac losses in a winding is called “stray
loss.” One portion of stray loss is called “eddy loss” and is created by eddy currents circulating in the
winding conductors. The other portion is generated outside of the windings, in frame members, tank
walls, bushing flanges, etc. Although these are due to eddy currents also, they are often referred to as
“other strays.” The generation of stray losses is sometimes called “skin effect” because induced eddy
currents tend to flow close to the surfaces of the conductors. Stray losses are proportionally greater in
larger transformers because their higher currents require larger conductors. Stray losses tend to be
proportional to current frequency, so they can increase dramatically when loads with high-harmonic
currents are served. The effects can be reduced by subdividing large conductors and by using stainless
steel or other nonferrous materials for frame parts and bushing plates.

3.9.3 Harmonics and DC Effects

Rectifier and discharge-lighting loads cause currents to flow in the distribution transformer that are not
pure power-frequency sine waves. Using Fourier analysis, distorted load currents can be resolved into
components that are integer multiples of the power frequency and thus are referred to as harmonics.
Distorted load currents are expected to be high in the 3rd, 5th, 7th, and sometimes the 11th and 13th
harmonics, depending on the character of the load.

3.9.3.1 0Odd-Ordered Harmonics

Load currents that contain the odd-numbered harmonics will increase both the eddy losses and other
stray losses within a transformer. If the harmonics are substantial, then the transformer must be derated
to prevent localized and general overheating. ANSI standards suggest that any transformer with load
current containing more than 5% total harmonic distortion should be loaded according to the
appropriate ANSI guide (IEEE, 1998).

3.9.3.2 Even-Ordered Harmonics

Analysis of most harmonic currents will show very low amounts of even harmonics (2nd, 4th, 6th, etc.).
Components that are even multiples of the fundamental frequency generally cause the waveform to be
nonsymmetrical about the zero-current axis. The current therefore has a zeroth harmonic or dc-offset
component. The cause of a dc offset is usually found to be half-wave rectification due to a defective
rectifier or other component. The effect of a significant direct current offset is to drive the transformer
core into saturation on alternate half-cycles. When the core saturates, exciting current can be extremely
high, which can then burn out the primary winding in a very short time. Transformers that are
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experiencing dc-offset problems are usually noticed because of objectionably loud noise coming from
the core structure. Industry standards are not clear regarding the limits of dc offset on a transformer.
A recommended value is a direct current no larger than the normal exciting current, which is usually
1% or less of a winding’s rated current (Galloway, 1993).

3.10 Transformer Performance Model

A simple model will be developed to help explain performance characteristics of a distribution
transformer, namely impedance, short-circuit current, regulation, and efficiency.

3.10.1 Schematic

A simple two-winding transformer is shown in the schematic diagram of Figure 3.36. A primary winding
of N, turns is on one side of a ferromagnetic core loop, and a similar coil having N; turns is on the other.
Both coils are wound in the same direction with the starts of the coils at H; and X;, respectively. When
an alternating voltage V;, is applied from H, to Hj, an alternating magnetizing flux ¢, flows around the
closed core loop. A secondary voltage V= V,, x N;/N,, is induced in the secondary winding and appears
from X, to X, and very nearly in phase with V},. With no load connected to X;—-X,, I, consists of only a
small current called the magnetizing current. When load is applied, current I flows out of terminal X; and
results in a current I, = I, x N/ N,, flowing into H; in addition to magnetizing current. The ampere-turns
of flux due to current I, x N, cancels the ampere-turns of flux due to current I, X N,, so only the
magnetizing flux exists in the core for all the time the transformer is operating normally.

3.10.2 Complete Equivalent Circuit

Figure 3.37 shows a complete equivalent circuit of the transformer. An ideal transformer is inserted to
represent the current- and voltage-transformation ratios. A parallel resistance and inductance represent-
ing the magnetizing impedance are placed across the primary of the ideal transformer. Resistance and
inductance of the two windings are placed in the H, and X, legs, respectively.

3.10.3 Simplified Model

To create a simplified model, the magnetizing impedance has been removed, acknowledging that no-
load loss is still generated and magnetizing current still flows, but it is so small that it can be ignored
when compared with the rated currents. The R and X values in either winding can be translated to the
other side by using percent values or by converting ohmic values with a factor equal to the turns

N, Turns Ng Turns
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FIGURE 3.36 Two-winding transformer schematic. (By permission of ABB Inc., Jefferson City, MO.)

© 2006 by Taylor & Francis Group, LLC.



Ny/Ns

Ideal

Zn transformer
Vo Ve

Ha X

FIGURE 3.37 Complete transformer equivalent circuit. (By permission of ABB Inc., Jefferson City, MO.)

ratio squared (N,/ N,)?. To convert losses or ohmic values of R and X to percent, use Equation 3.1 or
Equation 3.2:

load loss Q) kVA
10kVA — kv?
AW Qg kVA

%X = — 3.2
** T 10 kVA kV? (3-2)

%R =

(3.1)

where AW is apparent watts, or the scalar product of applied voltage and exciting current in units of
amperes. Once the resistances and inductances are translated to the same side of the transformer, the
ideal transformer can be eliminated and the percent values of R and X combined. The result is the simple
model shown in Figure 3.38. A load, having power factor cos 6, may be present at the secondary.

3.10.4 Impedance

The values of %R and %X form the legs of what is known as the “impedance triangle.” The hypotenuse
of the triangle is called the transformer’s impedance and can be calculated using Equation 3.3:

%Z = VY%R? + %X? (3.3)

R + jX
1 SYYTY ™ ————

——

FIGURE 3.38 Simplified transformer model. (By permission of ABB Inc., Jefferson City, MO.)
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A transformer’s impedance is sometimes called “impedance volts” because it can be measured by shorting
the secondary terminals and applying sufficient voltage to the primary so that rated current flows in each
winding. The ratio of applied voltage to rated voltage, times 100, is equal to the percent impedance.

3.10.5 Short-Circuit Current

If the load (right) side of the model of Figure 3.38 is shorted and rated voltage from an infinite source is
applied to the left side, the current Isc will be limited only by the transformer impedance:

ISC =100 x IR/%Z (3.4)

For example, if the rated current, Iy, is 100 A and the impedance is 2.0%, the short-circuit current will be
100 x 100/2 =5,000 A.

3.10.6 Percent Regulation

When a transformer is energized with no load, the secondary voltage will be exactly the primary voltage
divided by the turns ratio (N,/N;). When the transformer is loaded, the secondary voltage will be
diminished by an amount determined by the transformer impedance and the power factor of the load.
This change in voltage is called regulation and is actually defined as the rise in voltage when the load is
removed. One result of the definition of regulation is that it is always a positive number. The primary
voltage is assumed to be held constant at the rated value during this process. The exact calculation of
percent regulation is given in Equation 3.5:

%reg = (I* - (%R® + %X?) +200 - L- (%X - sin 6 + %R - cos 6) + 10,000)"" =100 (3.5)

where
cos 0 is the power factor of the load
L is per unit load on the transformer

The most significant portion of this equation is the cross products, and since %X predominates over %R
in the transformer impedance and cos 6 predominates over sin 6 for most loads, the percent regulation is
usually less than the impedance (at L= 1). When the power factor of the load is unity, then sin 6 is zero
and regulation is much less than the transformer impedance. A much simpler form of the regulation
calculation is given in Equation 3.6. For typical values, the result is the same as the exact calculation out
to the fourth significant digit or so.

(3.6)

%X* cos § — %R* sin )’
Y%reg = L - (%R*cos@—l—%X*sinG—i—( o8 o8 ot sm )>

200

3.10.7 Percent Efficiency
As with any other energy conversion device, the efficiency of a transformer is the ratio of energy delivered

to the load divided by the total energy drawn from the source. Percent efficiency is expressed as:

SEffici L-kVA - cosf - 10°
1C1eENCy —
° YT T KVA -cosf-10° + NL+ I2 - LL

(3.7)
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where cos 6 is again the power factor of the load, therefore kVA cos 6 is real energy delivered to the load.
NL is the no-load loss, and LL is the load loss of the transformer. Most distribution transformers serving
residential or light industrial loads are not fully loaded all the time. It is assumed that such transformers
are loaded to about 50% of nameplate rating on the average. Thus efficiency is often calculated at
L = 0.5, where the load loss is about 25% of the value at full load. Since a typical transformer will
have no-load loss of around 25% of load loss at 100% load, then at L = 0.5, the no-load loss will equal
the load loss and the efficiency will be at a maximum.

3.11 Transformer Loading

3.11.1 Temperature Limits

According to ANSI standards, modern distribution transformers are to operate at a maximum 65°C
average winding rise over a 30°C ambient air temperature at rated kVA. One exception to this is
submersible or vault-type distribution transformers, where a 55°C rise over a 40°C ambient is specified.
The bulk oil temperature near the top of the tank is called the “top oil temperature,” which cannot be
more than 65°C over ambient and will typically be about 55°C over ambient, 10°C less than the average
winding rise.

3.11.2 Hottest-Spot Rise

The location in the transformer windings that has the highest temperature is called the “hottest spot.”
Standards require that the hottest-spot temperature not exceed 80°C rise over a 30°C ambient, or 110°C.
These are steady-state temperatures at rated KVA. The hottest spot is of great interest because, presum-
ably, this is where the greatest thermal degradation of the transformer’s insulation system will take place.
For calculation of thermal transients, the top-oil rise over ambient air and the hottest-spot rise over top
oil are the parameters used.

3.11.3 Load Cycles

If all distribution loads were constant, then determining the proper loading of transformers would be a
simple task. Loads on transformers, however, vary through the hours of a day, the days of a week, and
through the seasons of the year. Insulation aging is a highly nonlinear function of temperature that
accumulates over time. The best use of a transformer, then, is to balance brief periods of hottest-spot
temperatures slightly above 110°C with extended periods at hottest spots well below 110°C. Methods for
calculating the transformer loss-of-life for a given daily cycle are found in the ANSI Guide for Loading
(IEEE, 1995). Parameters needed to make this calculation are the no-load and load losses, the top-oil
rise, the hottest-spot rise, and the thermal time constant.

3.11.4 Thermal Time Constant

Liquid-filled distribution transformers can sustain substantial short-time overloads because the mass of
oil, steel, and conductor takes time to come up to a steady-state operating temperature. Time constant
values can vary from 2 to 6 h, mainly due to the differences in oil volume vs. tank surface for different
products.

3.11.5 Loading Distribution Transformers

Utilities often assign loading limits to distribution transformers that are different from the transformer’s
nameplate kVA. This is based on three factors: the actual ambient temperature, the shape of the load
curve, and the available air for cooling. For example, one utility divides its service territory into three
temperature situations for different ambient temperatures: summer interior, summer coastal, and
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TABLE 3.1 Assigned Capabilities for a 100-kVA Transformer

Transformer Peak-Day Load Factor
Temperature

Location District kVA  10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Overhead or Summer interior 100 205 196 187 177 168 159 149 140 131 122
pad-mounted Summer coastal 100 216 206 196 186 176 166 156 146 136 126
Winter 100 249 236 224 211 198 186 173 160 148 135
Surface Summer interior 100 147 140 133 127 120 113 107 100 93 87
operable Summer coastal 100 154 147 140 133 126 119 111 104 97 90
Winter 100 178 169 160 151 142 133 124 115 105 96
Vault Summer interior 100 173 164 156 147 139 130 122 113 105 96
Summer coastal 100 182 173 164 155 146 137 127 118 109 100
Winter 100 185 176 166 157 147 138 128 119 110 100

winter. The transformer installations are divided into three applications for the available air cooling:
overhead or pad-mounted, surface operable, and vault. The load shape is expressed by the peak-day load
factor, which is defined as the season’s peak kVA divided by the average kVA and then expressed as a
percentage. Table 3.1 shows the assigned capabilities for a 100-kVA transformer. Thus this utility would
assign the same 100-kVA transformer a peak capability of 87 to 249 kVA depending on its location, the
season, and the load-shape.

3.12 Transformer Testing

3.12.1 Design Tests

Tests that manufacturers perform on prototypes or production samples are referred to as “design tests.”
These tests may include sound-level tests, temperature-rise tests, and short-circuit-current withstand
tests. The purpose of a design test is to establish a design limit that can be applied by calculation to every
transformer built. In particular, short-circuit tests are destructive and may result in some invisible
damage to the sample, even if the test is passed successfully. The ANSI standard calls for a transformer to
sustain six tests, four with symmetrical fault currents and two with asymmetrical currents. One of the
symmetrical shots is to be of long duration, up to 2 s, depending on the impedance for lower ratings.
The remaining five shots are to be 0.25 s in duration. The long-shot duration for distribution
transformers 750 kVA and above is 1 s. The design passes the short-circuit test if the transformer
sustains no internal or external damage (as determined by visual inspection) and minimal impedance
changes. The tested transformer also has to pass production dielectric tests and experience no more than
a 25% change in exciting current (Bean et al., 1959).

3.12.2 Production Tests

Production tests are given to and passed by each transformer made. Tests to determine ratio, polarity or
phase-displacement, iron loss, load loss, and impedance are done to verify that the nameplate informa-
tion is correct. Dielectric tests specified by industry standards are intended to prove that the transformer
is capable of sustaining unusual but anticipated electrical stresses that may be encountered in service.
Production dielectric tests may include applied voltage, induced voltage, and impulse tests.

3.12.2.1 Applied-Voltage Test

Standards require application of a voltage of (very roughly) twice the normal line-to-line voltage to each
entire winding for 1 min. This checks the ability of one phase to withstand voltage it may encounter
when another phase is faulted to ground and transients are reflected and doubled.
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3.12.2.2 Induced-Voltage Test

The original applied-voltage test is now supplemented with an induced-voltage test. Voltage at higher
frequency (usually 400 Hz) is applied at twice the rated value of the winding. This induces the
higher voltage in each winding simultaneously without saturating the core. If a winding is permanently
grounded on one end, the applied-voltage test cannot be performed. In this case, many ANSI product
standards specify that the induced primary test voltage be raised to 1,000 plus 3.46 times the rated
winding voltage (Bean et al., 1959).

3.12.2.3 Impulse Test

Distribution lines are routinely disturbed by voltage surges caused by lightning strokes and switching
transients. A standard 1.2 x 50-ps impulse wave with a peak equal to the BIL (basic impulse insulation
level) of the primary system (60 to 150 kV) is applied to verify that each transformer will withstand these
surges when in service.

3.13 Transformer Protection

Distribution transformers require some fusing or other protective devices to prevent premature failure
while in service. Circuit breakers at the substation or fusing at feeder taps or riser poles may afford some
protection for individual transformers, but the most effective protection will be at, near, or within each
transformer.

3.13.1 Goals of Protection

Transformer-protection devices that limit excessive currents or prevent excessive voltages are intended to
achieve the following:

* Minimize damage to the transformer due to overloads

* Prevent transformer damage caused by secondary short circuits

* Prevent damage caused by faults within the transformer

* Minimize the possibility of damage to other property or injury to personnel

+ Limit the extent or duration of service interruptions or disturbances on the remainder of the system

The selection of protection methods and equipment is an economic decision and may not always
succeed in complete achievement of all of the goals listed above. For example, the presence of a primary
fuse may not prevent longtime overloads that could cause transformer burnout.

3.13.2 Separate Protection

Distribution transformers may have fused cutouts on the same pole to protect an overhead transformer
or on a nearby pole to protect a pad-mounted transformer. Sometimes a separate pad-mounted cabinet
is used to house protection for larger pad-mounted and submersible transformers.

3.13.3 Internal Protection

When protection means are located within the transformer, the device can react to oil temperature as
well as primary current. The most common internal protective devices are described below.
3.13.3.1 Protective Links

Distribution transformers that have no other protection are often supplied with a small high-
voltage-expulsion fuse. The protective link is sized to melt at from six to ten times the rated current
of the transformer. Thus it will not protect against longtime overloads and will permit short-time
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overloads that may occur during inrush or cold-load-pickup phenomena. For this reason, they are often
referred to as fault-sensing links. Depending on the system voltage, protective links can safely interrupt
faults of 1,000 to 3,000 A. Internal protective links are about the size of a small cigar.

3.13.3.2 Dual-Sensing or Eutectic Links

High-voltage fuses made from a low-melting-point tin alloy melt at 145°C and thus protect a trans-
former by detecting the combination of overload current and high oil temperature. A eutectic link,
therefore, prevents longtime overloads but allows high inrush and cold-load-pickup currents. A similar
device called a “dual element” fuse uses two sections of conductor that respond separately to current and
oil temperature with slightly better coordination characteristics.

3.13.3.3 Current-Limiting Fuses

Current-limiting fuses can be used if the fault current available on the primary system exceeds the
interrupting ratings of protective links. Current-limiting fuses can typically interrupt 40,000- to
50,000-A faults and do so in less than one half of a cycle. The interruption of a high-current internal
fault in such a short time will prevent severe damage to the transformer and avoid damage to
surrounding property or hazard to personnel that might otherwise occur. Full-range current-limiting
fuses can be installed in small air switches or in dry-well canisters that extend within a transformer tank.
Current-limiting fuses cannot prevent longtime overloads, but they can open on a secondary short
circuit, so the fuse must be easily replaceable. Current-limiting fuses are considerably larger than
expulsion fuses.

3.13.3.4 Bayonets

Pad-mounts and submersibles may use a primary link (expulsion fuse) that is mounted internally in the
transformer oil but that can be withdrawn for inspection of the fuse element or to interrupt the primary
feed. This device is called a bayonet and consists of a probe with a cartridge on the end that contains the
replaceable fuse element. Fuses for bayonets may be either fault sensing or dual sensing.

3.13.3.5 Combination of Bayonet and Partial-Range Current-Limiting Fuses

The most common method of protection for pad-mounted distribution transformers is the coordinated
combination of a bayonet fuse (usually dual sensing) and a partial-range current-limiting fuse (PRCL).
The PRCL only responds to a high fault current, while the bayonet fuse is only capable of interrupting
low fault currents. These fuses must be coordinated in such a way that any secondary fault will melt
the bayonet fuse. Fault currents above the bolted secondary fault level are assumed to be due to internal
faults. Thus the PRCL, which is mounted inside the tank, will operate only when the transformer has
failed and must be removed from service.

3.13.4 Coordination of Protection

As applied to overcurrent protection for distribution transformers, the term coordination means
two things:

1. A fuse must be appropriately sized for the transformer. A fuse that is too large will not prevent
short-circuit currents that can damage the transformer coils. A fuse that is too small may open
due to normal inrush currents when the transformer is energized or may open due to short-time
overload currents that the transformer is capable of handling.

2. Transformer protection must fit appropriately with other protection means located upstream,
downstream, or within the transformer. For example, a secondary oil circuit breaker should be
coordinated with a primary fuse so that any short circuit on the transformer secondary will open
the breaker before the primary fuse melts.
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Where two fuses are used to protect a transformer, there are two methods of achieving coordination of
the pair: “matched melt” and “time-current-curve crossover coordination” (TCCCC).

3.13.4.1 Matched Melt

An example of matched-melt coordination is where a cutout with an expulsion fuse and a backup
current-limiting fuse are used to protect an overhead transformer. The two fuses are sized so that the
expulsion fuse always melts before or at the same time as the current-limiting fuse. This permits the
current-limiting fuse to help clear the fault if necessary, and the cutout provides a visible indication that
the fault has occurred.

3.13.4.2 TCCC Coordination of Bayonet and Partial-Range Current-Limiting Fuses

TCCCC is much more common for pad-mounted and self-protected transformers, where the fuses are
not visible. The TCCCC method is described as follows.

3.13.4.2.1 Fuse Curves

The main tool used for coordination is a graph of time vs. current for each fuse or breaker, as seen in
Figure 3.39. The graph is displayed as a log—log plot and has two curves for any particular fuse. The first
curve is called the minimum-melt curve, and this represents time—current points where the fuse element
just starts to melt. The other curve is a plot of points at longer times (to the right of the minimum-melt
curve). The latter curve is called the maximum-clear or sometimes the average-clear curve. The
maximum-clear curve is where the fuse can be considered open and capable of sustaining full operating
voltage across the fuse without danger of restrike. Even if a fuse has melted due to a fault, the fault
current continues to flow until the maximum-clear time has passed. For expulsion fuses, there is a
maximum interrupting rating that must not be exceeded unless a current-limiting or other backup fuse
is present. For partial-range current-limiting fuses, there is a minimum interrupting current. Above that
minimum current, clearing occurs in about 0.25 cycles, so the maximume-clear curve is not actually
needed for most cases.

3.13.4.2.2 Transformer Characteristics

Each transformer has characteristics that are represented on the time—current curve to aid in the
coordination process:

* Rated current = primary current at rated kVA.

* Bolted fault current (Isc) = short-circuit current in the primary with secondary shorted.

+ Inrush and cold-load-pickup curve:

+ Inrush values are taken as 25 times rated current at 0.01 s and 12 times rated current at 0.1 s.
+ Cold-load-pickup values are presumed to be six times rated current at 1 s and three times rated
current at 10 s.

* Through-fault duration or short-circuit withstand established by IEEE C57.109. For most trans-
formers, the curve is the plot of values for 't = 1,250 or 50 times rated current at 0.5 s, 25 times
rated current at 2 s, and 11.2 times rated current at 10 s. Values longer than 10 s are usually
ignored.

3.13.4.2.3 Fuse Coordination Steps

Select an expulsion fuse such that:

* the minimum-melt curve falls entirely to the right of the inrush—cold-load-pickup curve. For
most fuses, the minimum-melt curve will always be to the right of 300% of rated load, even for
very long times.

+ the maximum-clear curve will fall entirely to the left of the through-fault-duration curve at 10 s
and below.
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FIGURE 3.39 Time—current-curve crossover coordination. (By permission of ABB Inc., Jefferson City, MO.)

Select a partial-range current-limiting (PRCL) fuse such that its minimum-melt curve:
* crosses the expulsion-fuse maximum-clear curve to the right of the bolted fault line, preferably
with a minimum 25% safety margin;

* crosses the expulsion-fuse maximum-clear curve at a current higher than the PRCL minimum
interrupting rating; and
+ crosses the expulsion-fuse maximum-clear curve at a current below the maximum interrupting

rating of the expulsion fuse. It is not a critical issue if this criterion is not met, since the PRCL will
quickly clear the fault anyway.

There are additional considerations, such as checking for a longtime recross of the two fuse character-

istics or checking for a recross at a “knee” in the curves, as might occur with a dual-sensing fuse or a
low-voltage circuit breaker with a high-current magnetic trip.
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3.13.4.3 Low-Voltage Oil-Breaker Coordination

The coordination of an oil breaker with an expulsion fuse is slightly different than the previous example. The
oil-breaker current duty is translated to the high-voltage side and is sized in a manner similar to the
expulsion fuse in the previous example. The expulsion fuse is then selected to coordinate with the breaker
so that the minimum melt falls entirely to the right of the breaker’s maximum clear for all currents less than
the bolted fault current. This ensures that the breaker will protect against all secondary faults and that the
internal expulsion fuse will only open on an internal fault, where current is not limited by the transformer
impedance.

3.13.5 Internal Secondary Circuit Breakers

Secondary breakers that are placed in the bulk oil of a transformer can protect against overloads that
might otherwise cause thermal damage to the conductor-insulation system. Some breakers also have
magnetically actuated trip mechanisms that rapidly interrupt the secondary load in case of a secondary
fault. When properly applied, secondary breakers should limit the top-oil temperature of a transformer
to about 110°C during a typical residential load cycle. Breakers on overhead transformers are often
equipped with a red signal light. When this light is on, it signifies that the transformer has come close to
tripping the breaker. The light will not go off until a lineman resets the breaker. The lineman can also set
the breaker on its emergency position, which allows the transformer to temporarily supply a higher
overload until the utility replaces the unit with one having a higher kVA capacity. The secondary oil
breaker is also handy to disconnect load from a transformer without touching the primary connections.

3.13.6 CSP"? Transformers

Overhead transformers that are built with the combination of secondary breaker, primary protective
link, and external lightning arrester are referred to generically as CSPs (completely self-protected
transformers). This protection package is expected to prevent failures caused by excessive loads and
external voltage surges, and to protect the system from internal faults. The breaker is furnished with a
signal light and an emergency control as described above. The protective link is often mounted inside the
high-voltage bushing insulator, as seen in Figure 3.40.

3.13.7 Protection Philosophy

CSP transformers are still in use, especially in rural areas, but the trend is away from secondary breakers
to prevent transformer burnouts. Continued growth of residential load is no longer a foregone
conclusion. Furthermore, utilities are becoming more sophisticated in their initial transformer sizing
and are using computerized billing data to detect a transformer that is being overloaded. Experience
shows that modern distribution transformers can sustain more temporary overload than a breaker
would allow. Most utilities would rather have service to their customers maintained than to trip a
breaker unnecessarily.

3.13.8 Lightning Arresters

Overhead transformers can be supplied with primary lightning arresters mounted nearby on the pole
structure, on the transformer itself, directly adjacent to the primary bushing, or within the tank. Pad-
mounted transformers can have arresters too, especially those at the end of a radial line, and they can be
inside the tank, plugged into dead-front bushings, or at a nearby riser pole, where primary lines
transition from overhead to underground.

2CSP" is a registered trademark of ABB Inc., Raleigh, NC.
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FIGURE 3.40 Cutaway showing CSP components. (By permission of ABB Inc., Jefferson City, MO.)

3.14 Economic Application

3.14.1 Historical Perspective

Serious consideration of the economics of transformer ownership did not begin until the oil embargo of
the early 1970s. With large increases in the cost of all fuels, utilities could no longer just pass along these
increases to their customers without demonstrating fiscal responsibility by controlling losses on their
distribution systems.

3.14.2 Evaluation Methodology

An understanding soon developed that the total cost of owning a transformer consisted of two major
parts, the purchase price and the cost of supplying thermal losses of the transformer over an assumed
life, which might be 20 to 30 years. To be consistent, the future costs of losses have to be brought back to
the present so that the two costs are both on a present-worth basis. The calculation methodologies were
published first by Edison Electric Institute and recently updated in the form of a proposed ANSI
standard (IEEE, 2001). The essential part of the evaluation method is the derivation of A and B factors,
which are the utility’s present-worth costs for supplying no-load and load losses, respectively, in the
transformer as measured in $/W.
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3.14.3 Evaluation Formula
The proposed ANSI guide for loss evaluation expresses the present value of the total owning cost of
purchasing and operating a transformer as follows (in its simplest form):

TOC = Transformer cost + A x no load loss + B x load loss (3.8)

where
A =loss-evaluation factor for no-load loss ($/W)
B =loss-evaluation factor for load loss ($/W)

The guide develops in detail the calculation of A and B factors from utility operating parameters as
shown in Equation 3.9 and Equation 3.10, respectively:

SC + EC x HPY
A= SC + EC x HPY (3.9)
FCR x 1000
SC x RF) + (EC x LSF x HPY)] x (PL)?
5 LSCX RF) + (EC x LSF x HPY)] x (PL) 510
FCR x 1000
where
SC =GC+TD
SC =avoided cost of system capacity

GC = avoided cost of generation capacity

TD = avoided cost of transmission and distribution capacity
EC = avoided cost of energy

HPY = hours per year

FCR = levelized fixed-charge rate

RF = peak responsibility factor

LSF = transformer loss factor

PL = equivalent annual peak load

With the movement to deregulate electric utilities in the U.S., most utilities have now chosen to neglect
elements of system cost that no longer may apply or to abandon entirely the consideration of the effects
of transformer losses on the efficiency of their distribution system. Typical loss evaluation factors in the
year 2003 are A = $2.50/W and B = $0.80/W.
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4.1 Introduction

The necessity to control the power flow rose early in the history of the development of electrical power
systems. When high-voltage grids were superimposed on local systems, parallel-connected systems or
transmission lines of different voltage levels became standard. Nowadays large high-voltage power grids
are connected to increase the reliability of the electrical power supply and to allow exchange of electrical
power over large distances. Complications, attributed to several factors such as variation in power-
generation output and/or power demand, can arise and have to be dealt with to avoid potentially
catastrophic system disturbances. Additional tools in the form of phase-shifting transformers (PSTs) are
available to control the power flow to stabilize the grids. These may be justified to maintain the required
quality of the electrical power supply.

To transfer electrical power between two points of a system, a difference between source voltage (Vs)
and load voltage (V1) in quantity and/or in phase angle is necessary. See Figure 4.1. Using the notation
of Figure 4.1, it follows that:

Z=R+jX =2Zxe" (4.1)

Z=VR + X2 (4.2)

t X (4.3)

=arctan| — .

Yz R

Vs = Vg (cosyg +jsinwyg), VL = VL * (cosy; + jsinvyy) (4.4)
AV =Vs -V, (4.5)
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FIGURE 4.1 Power transfer.

AV = (Vs* cosys — Vp # cosyy) +j(Vs* sinyg — Vp # siny;) = AV s e /M

AV:\/VSZ—Z*VS*VL* cos (ys —y,) + Vi

Vs * sinyg — Vi * sinvy;
Yp = arctan
Vs * cosyg — Vi * cosyp
I = A_V % @ (Va2

For symmetrical conditions Vs = Vi =V, and ys = v/2, and vy, = —v/2, R < X, then
AV = V%2 sin (y/2)

Yo =T/2

_ V=2xsin(y/2)
N X

I

4.2 Basic Principle of Application

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

Because of the predominantly inductive character of the power system, an active power flow between

source and load must be accomplished with a phase lag between the terminals. Phase-shifting trans-
formers are a preferred tool to achieve this goal. Two principal configurations are of special interest: (1)
the power flow between transmission systems operating in parallel where one system includes a PST and
(2) where a single transmission line which includes a PST is connecting two otherwise independent

power systems. The latter is in fact a special case of the first, but it has become more important nowadays

for the interconnection of large systems. For the following considerations, it is assumed that the ohmic

resistance R is small compared with the reactance X and thus has been neglected.

One practical basic situation is that a location where power is needed (load side) is connected to the
source side through two systems that need not necessarily have the same rated voltage level. See Figure 4.2.
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System 2, X,

— AV Vv, *

FIGURE 4.2 Parallel systems.

Without any additional measure, the currents I, and I, would be distributed in proportion to the ratio of
the impedances of the systems,

Il =1x Xz/(Xl + Xz) (413)

L=IxX/(Xi +X3)

and there is no doubt that system 2 would take only a small part of the load because of the additional
impedances of the two transformers in that branch. If the power flow in system 2 should be increased, an
additional voltage AV must be introduced to compensate the increased voltage drop in system 2.
Presuming that active power should be supplied to the load side and considering the inductive character
of the systems, this voltage must have a 90° phase lag to the line-to-ground voltages of the system (V).
In principle, the source of AV could be installed in each of the two systems. Figure 4.3 shows the voltage
diagrams of both options. Figure 4.3a corresponds to Figure 4.2 with the PST installed in system 2, the
system with the higher impedance. The additional voltage reduces the voltage drop in system 2 to that of
system 1. The voltage at the output or load side of the PST Vi * leads the voltage at the input or
source side V. Per definition, this is called an advanced phase angle. If the PST were installed in system
1 (Figure 4.3b), the additional voltage would increase the voltage drop to that of system 2. In this case,
the load-side voltage V1 * lags the source side voltage Vs, and this is defined as retard phase angle. As can
also be seen from the diagrams, an advanced phase angle minimizes the total angle between source and
load side.

X4 AV il Xy
jly*Xy jlb"X5
v av W vs T v Ve v v,
Al Al
(a) Advanced phase angle (b) Retard phase angle
V" leads Vg V" lags Vg

FIGURE 4.3 No-load voltage diagram of parallel systems.

© 2006 by Taylor & Francis Group, LLC.



AV, 14X

. Vi« Vg,V
AV Transmission line, X STt

(O)+—~

Vs Vir Vi

Vs+AV-I*X-V =0

for

Vg=V, =V
hence
AV-1*X=0

FIGURE 4.4 Connection of two systems.
The second important application is the use of a PST to control the power flow between two large

independent grids (Figure 4.4). An advanced phase angle is necessary to achieve a flow of active power
from system 1 to system 2.

4.3 Load Diagram of a PST

So far, the PST has been considered as a black box under a no-load condition, and only its phase-shifting
effect has been discussed. Now phase-shifting is quite a normal condition for a transformer and can be
found in every transformer that incorporates differently connected primary and secondary windings.
But this has no effect, as the aspects of the connected systems follow the same change of the phase angle,
and only the voltage drop across the transformer is of interest. PSTs operate between systems having the
same frequency and phase sequence. The voltages can differ in magnitude and phase angle. To develop
the load-diagram of a PST, the unit has to be split up into two parts: the one presenting an ideal
transformer without losses, which accomplishes the phase shift, and the other that is a transformer with
a 1:1 turn-to-turn ratio and an equivalent impedance (Figure 4.5a).

The diagram is developed beginning at the load side, where voltage Vi and current Iy are known.
Adding the voltage drop, I*Ry + I* jXr, to voltage Vi results in voltage V¥, which is an internal, not
measurable, voltage of the PST. This voltage is turned either clockwise or counterclockwise, and as a
result the source voltages Vs retard OF Vs advanced are obtained, which are necessary to produce voltage Vi,
and current I at the load side. Angle a determines the phase-shift at the no-load condition, either as
retard phase-shift angle o,y or as advanced phase-shift angle o(,). Under no load, the voltages Vi and
V¥ are identical, but under load, Vi * is shifted by the load angle 3. As a result, the phase angles under
load are not the same as under no load. The advanced phase-shift angle is reduced to a*(,), whereas the
retard phase-shift angle is increased to a*(;). The advanced phase angle under load is given by

o @) =@ — B (4.14)
and the retard phase angle under load is given by

o =0 +B (4.15)

This is very important for the operation of a PST. Because the phase angle determines the voltage across
the PST, an increase of the load phase angle in a retard position would mean that the PST is overexcited;
therefore the retard-load phase-shift angle should be limited with the no-load angle.
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FIGURE 4.5 On-load diagram of a PST.

The load angle B can be calculated from

(4.16)

B ~ arc tan( T ¥ COSy )

100 + zr * siny

where all quantities are per unit (p.u.) and z; = transformer impedance.

In reality, the PST does not influence the voltages neither at the source nor at the load side because it
is presumed that the systems are stable and will not be influenced by the power flow. This means that Vg
and Vp, coincide and V* would be shifted by o*,) to Vi ** (Figure 4.5¢c). As for developing the PST load
diagram, a certain load has been assumed. The advanced phase-shift angle is a measure of the remaining
available excess power.

4.4 Total Power Transfer

The voltages at the source side (Vs) and at the load side (V1) are considered constant, i.e., not influenced
by the transferred power, and operating synchronously but not necessarily of the same value and phase
angle. To calculate the power flow it has been assumed that the voltages at source side (Vs) and load side
(V1) and the impedance (Z) are known.

Vs = Vg*(cosyg + jsin-yg) (4.17)
Vi = V™ (cosy, +jsinyy) (4.18)
Z =iX (4.19)
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Then the current becomes

1 1 . . .
L= E* (Vs — V1) = i* (Vs *xsiny; — Vg xsiny;) —j(Vs % cosyg — VL * cosy;)) (4.20)

and the power at source (Sg) and load (Sp) side can be calculated by multiplying the respective voltage
with the conjugate complex current:

V. . V.

Ss = _XS s V1% sin (ys — y) —HYS* (Vs — VL cos (vs — yL) (4.21)
Vi . Vi

SL= T(L * Vs * sin (yg — 1) +J§L * (Vs x cos (ys —vp) — V1) (4.22)

Because a mere inductive impedance has been assumed, only the reactive power changes.

Symmetrical conditions (Vg = V; =V, yg = 0, and yp = —vy) are very common:
v: o . 2% V2 xsin (y/2 .
Sg = ~* (siny +j(1 — cosvy)) = T@/) x (cos (y/2) +jsin (y/2) (4.23)
V2 2% V2 xsi 2
S =~ * (siny —j(1 —cosy) = = *;m SIE (cos (y/2) —jsin (v/2)) (4.24)

This solution can be considered as a basic load (Syg = Py + jQo) that exists only when the magnitude
and/or phase angle of the source and load voltages are different. If a PST is installed in this circuit with
an advanced phase-shift angle «, the transferred load can be calculated by substituting o + <y as angle
and adding the PST impedance Xy to X. By introducing the basic load in the result, the power flow can
be calculated as a function of a.

V2
Pr(a) = Pp, % cosa — Qp, * sina + 5 * sino (4.25)

VZ
Qr(a) = P, *sino + Qp, * cosa + 5 * (1 — cosar) (4.26)

Figure 4.6 shows the variation of the additional power flow for symmetrical conditions, no previous
load, constant impedance X, and maximum additional load 1 p.u. (Py = Qo = 0, V2 /X = 1). As can be
seen from Equation 4.25 and Equation 4.26 and Figure 4.6, a mere ohmic power flow is not possible in
the symmetrical case.

In Figure 4.7a and Figure 4.7b, the variation of the total power flow with the phase-shift angle is
plotted for 1 p.u. additional load and constant impedance, depending on different previous loads. The
most effective active power transfer can be obtained in the case of a capacitive load.

Another problem is the determination of the necessary voltage difference (value and angle) when Vs,
the load Sy = Py + jQo, and the impedance X are known:

2

Vi-2 X ) X
Vp= | 2—— :QO* + <—5 :QO* > — (P2 4+ Q) * X> (4.27)

V2 X
Vie= Vs V2« L + Qg * _ (4.28)

(Py* X)™ 4+ (Vi 4+ Qo * X)
Pyx X

Vi, = —Vs* V2x 0% (4.29)

(Py* X)* + (V? + Qo x X)?
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_PO * X

vy, = arc tan (4.30)

(Py* X)* + (V} + Qo+ X)?

4.5 Types of Phase-Shifting Transformers

4.5.1 General Aspects

The general principle to obtain a phase shift is based on the connection of a segment of one phase with
another phase. To obtain a 90° additional voltage AV, the use of delta-connected winding offers the
simplest solution. Figure 4.8 shows a possible arrangement and is used to introduce a few basic
definitions. The secondary winding of phase V, —V; is split up into two halves and is connected in
series with phase V. By designing this winding as a regulating winding and using on-load tap changers
(OLTC), AV and the phase-shift angle can be changed under load. The phasor diagram has been plotted
for no-load conditions, i.e., without considering the voltage drop in the unit. It also should be noted that
the currents in the two halves of the series winding are not in phase. This is different from normal power
transformers and has consequences with respect to the internal stray field.
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(a) ’ ! (b)

FIGURE 4.8 Single core symmetrical PST.

From the connection diagram (Figure 4.8a), the following equations can be derived:

Vs1 = Vip + (AV1/2) (4.31)
Vi = Vip — (AVy/2) (4.32)
AV, = Vg =V (4.33)

From the phasor diagram (Figure 4.8b) follows (Vs; = Vi; = V):

Vo = V x cos (a/2) (4.34)
AV = V%2 x*sin(a/2) (4.35)
VA = Vxcos(a/2) * V3 (4.36)

and with I = Iy = I, the part of the current that is transferred to the exciting winding becomes

2

V3

AV
In :T*I*cos(a/Z):I* * sin (a/2) (4.37)
A

The throughput power can be calculated from
Psys =3xV=xI (438)
and the rated design power, which determines the size of the PST, becomes
Py =3 % AV I = Pgyg 2 * sin (a/2) (4.39)
A third kind of power (Pa) is the power that is transferred into the secondary circuit. This power is
different from Pt because a part of the primary current is compensated between the two parts of the
series winding itself. In two-core designs (see Equation 4.33), this power determines also the necessary

breaking capability of the OLTC.

1
Py=VpaxIy = 3 * Pgys * sin (4.40)
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In addition to the transferred power, the phase-shift angle is also important. A phase-shift angle of 20°
means that the PST has to be designed for 34.8% of the throughput power, and an angle of 40° would
require 68.4%. In this respect, it has to be considered that the effective phase-shift angle under load
is smaller than the no-load phase-shift angle. In the optimum case when the load power factor is close to 1, a
PST impedance of 15% would reduce the load phase-shift angle by 8.5° (Equation 4.14 and Equation 4.16).

In practice, various solutions are possible to design a PST. The major factors influencing the choice are:

+ Throughput power and phase-shift angle requirement
* Rated voltage

+ Short-circuit capability of the connected systems

+ Shipping limitations

* Load tap-changer performance specification

In addition, preferences of a manufacturer as to the type of transformer (core or shell) or type
of windings and other design characteristics may also play a role. Depending on the rating,
single- or two-core designs are used. Two-core designs may require either a one-tank or a two-
tank design.

4.5.2 Single-Core Design

Symmetrical conditions are obtained with the design outlined in Figure 4.8a. Figure 4.9a and Figure 4.9b
show the general connection diagrams with more details of the regulating circuit.

The advantage of the single-core design is simplicity and economy. But there are also a number of
disadvantages. The OLTCs are connected to the system and directly exposed to all overvoltages and
through faults. The voltage per OLTC step and the current are determined by the specification and do
not always permit an optimal economical choice of the OLTC. The short-circuit impedance of the PST
varies between a maximum and zero. Therefore, it can not be planned that the PST will contribute to the
limitation of fault currents in the system.

The advantage of the symmetrical design (Figure 4.9a) is that the phase-shift angle is the only
parameter that influences the power flow. The design needs two single-phase OLTCs (for low ratings,
one two-phase OLTC may be used instead) per phase or two three-phase OLTCs.

Figure 4.9b shows an unsymmetrical solution. Only one-half of the regulating windings is used. The
number of necessary OLTCs is reduced, but the ratio between source voltage and load voltage changes
with the phase-shift angle and additionally influences the power flow.

A solution that often is used for transformers interconnecting two systems is shown in Figure 4.10.
The tap winding of a regulating transformer can be connected to a different phase, causing a voltage shift
between the regulated winding and the other windings of the unit. The regulated winding normally is
connected to the source side, but indirect regulation of the load-side is also possible. The change from
the normal regulating transformer state to the phase-shifting state is possible in the middle position of
the OLTC without the need to switch off the unit.

Another solution of a symmetrical PST, the delta-hexagonal phase-shifting transformer, is shown in
Figure 4.11.

4.5.3 Two-Core Design

The most commonly used circuit for a two-core design is shown in Figure 4.12. This configuration
consists of a series unit and a main unit. For smaller ratings and lower voltages, two-core PSTs can be
built into a single tank, while larger ratings and higher-voltage PSTs require a two-tank design.

The advantage of a two-core design is the flexibility in selecting the step voltage and the current of the
regulating winding. These can be optimized in line with the voltage and current ratings of the OLTC.
Since OLTCs have limited current ratings and step voltages per phase as well as limited switching
capacity, they are the main limiting features for the maximum possible rating of PSTs. More than one
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FIGURE 4.9 (a) Single-core symmetrical PST (b) Single-core unsymmetrical PST.

OLTC per phase may have to be utilized for very large ratings. Up to a certain rating, three-pole OLTCs
can be used; for higher ratings, three single-pole OLTCs are necessary. The OLTC insulation level is
independent of the system voltage and can be kept low.

The short-circuit impedance is the sum of the impedances of the main and series transformers.
Because the impedance of the series unit is constant and independent from the phase angle, the unit can
be designed to be self-protecting, and the variation of the impedance with the phase-shift angle can be
kept small when the impedance of the main unit is kept low.

4.5.4 Quadrature Booster Transformers

Quadrature booster transformers are a combination of a regulating power- or auto-transformer with a
phase-shifting transformer. The PST, which can be a single- or two-core design, is supplied from the
regulated side of the power transformer (Figure 4.13). By this method, the output voltage can be
adjusted in a four-quadrant (magnitude and phase) relationship (Figure 4.14).
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FIGURE 4.10 Regulating transformer with PST effect.

Retard position

FIGURE 4.11 Delta-hexagonal PST.
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FIGURE 4.12 Two-core PST.
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FIGURE 4.13 Quadrature booster—simplified connection diagram.

FIGURE 4.14 Quadrature booster set (300 MVA, 50 Hz, 400 + 12¥1.25%/115 + 12*1.45° kV). (By Courtesy of
EVN Energieversorgung Niederosterreich Austria and Siemens AG, Germany.)
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FIGURE 4.15 Winding arrangements.

4.6 Details of Transformer
Design

In general, the design characteristics of PSTs do not
differ from ordinary power transformers. In the
symmetrical case, however, the phase-angle differ-
ence of the currents flowing through the two
parts of the series winding has to be recognized.
The additional magnetic field excited by the self-
compensating components in the series winding
influences mechanical forces, additional losses, and
the short-circuit impedance. Figure 4.15 shows
schematically variations of the physical winding
arrangements in PSTs.

In Figure 4.15a, a double concentric design of a
single-phase PST is shown. This arrangement does
not offer any problems with respect to the phase lag
between currents and is a standard winding ar-
rangement in shell-type transformers. In core
types, the arrangement of the connecting leads
from the innermost regulating winding need some
attention, but this does not present a real obstacle
to the use of this design. On the other hand, the
axial arrangement of the regulating winding in
core-type transformers, as shown in Figure 4.15b,
offers the advantage of direct access and saves space.

But because the pattern of the stray field is more complicated, thorough field calculations have to be
performed using the appropriate computer programs.

It is possible that a client may operate the PST in a bypassed condition. In this case, the source and
load terminals are directly connected phasewise. In this state, a lightning impulse would penetrate the
series winding from both ends at the same time. Two traveling waves would meet in the middle of the
winding and would theoretically be reflected to double the amplitude (Figure 4.16). Therefore the series

1501

100 1

T (us)

FIGURE 4.16 Lightning impulse response (bypassed PST).
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FIGURE 4.17 Two-tank PST at a test site (coolers not assembled) (650 MVA, 60 Hz, 525/525 + 20%1.2° kV).
(By Courtesy of VATech Transformatoren Weiz Austria (since 2005, Member of Siemens Group).)

winding must either be designed with a high internal capacitance or be protected by external or internal
surge arresters. A high internal capacitance can be obtained using any of the measures that are used to
improve the lightning-impulse voltage distribution along the winding, e.g., interleaving or shielding.
Again, the axial arrangement is more advantageous and easier to make self-protecting.

Figure 4.15c shows the arrangement of a two-core design with two coarse and one fine tap winding,
which is a variation of the circuit drawn in Figure 4.12 (see also Section 4.7). If a two-tank solution has
to be used, the connection between the main and series unit requires an additional set of six high-voltage
bushings, which means that a total of nine high-voltage bushings would have to be arranged on the
series unit. Because a short circuit between the main and series units could destroy the regulating
winding, a direct and encapsulated connection between the two tanks is preferred. This requires a high
degree of accuracy in the mechanical dimensions and the need for experienced field engineers to
assemble both units on site. If required, special oil-tight insulation systems allow the separation of the
two tanks without the need to drain the oil in one or both units. In the latter case, an extra oil-expansion
system is needed for the connecting tubes. Figure 4.17 shows a double-tank PST design at a testing site.

4.7 Details of On-Load Tap-Changer Application

OLTGC:s are subject to numerous limits. The most essential limit is, of course, the current-interrupting or
current-breaking capability. In addition to this limit, the voltage per step and the continuous current are
also limited. The product of these two limits is generally higher than the capability limit, so the
maximum voltage per step and the maximum current cannot be utilized at the same time. Table 4.1,
Table 4.2, and Table 4.3 show examples for design power, voltage per step, and system current as
functions of phase-shift angle, throughput power, system voltage, and number of voltage steps.

These limits (e.g., 4000 V/step, 2000 A) determine the type of regulation (the need for only a fine tap
winding or a combination of fine and coarse tap windings) and the number of parallel branches. But it
must be noted that the mutual induction resulting from the use of a coarse/fine-tap winding config-
uration also has to be taken into account and may influence the decision.

Another problem that also is not specific to PSTs, but may be more significant, is the possible altering
of the potential of the regulating winding when the changeover selector is operated. In this moment,
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TABLE 4.1 Design Power of PSTs as a Function of Throughput Power and Phase-Shift Angle, MVA

Phase-Shift Angle o°

Design Power, MVA 10 20 30 40 50
100 17.4 34.7 51.8 68.4 84.5
250 43.6 86.8 129.4 171.0 211.3
Throughput Power, MVA 500 87.2 173.6 258.8 342.5 422.6
750 130.7 260.5 388.2 513.0 633.9
1000 174.3 347.3 517.6 684.0 845.2

TABLE 4.2 Step Voltage as a Function of System Voltage and Phase-Shift Angle for a 16-Step OLTC, V

Phase-Shift Angle o®
Step Voltage, V

Steps:16 10 20 30 40 50

69.0 434 865 1,289 1,703 2,104

115.0 723 1,441 2,148 2,839 3,507

138.0 868 1,729 2,578 3,406 4,209

161.0 1,013 2,018 3,007 3,974 4,910

System Voltage, kV 230.0 1,447 2,882 4,296 5,677 7,015
345.0 2,170 4,324 6,444 8,516 10,522

500.0 3,145 6,266 9,339 12,342 15,250

765.0 4,812 9,587 14,289 18,883 23,332

TABLE 4.3 System Current as a Function of System Voltage and Throughput Power, A

Throughput Power, MVA

System Current, A 100 250 500 750 1000

69.0 837 2092 4184 6276 8367

115.0 502 1255 2510 3765 5020

138.0 418 1046 2092 3138 4184

161.0 359 897 1793 3974 3586

System Voltage, kV 230.0 251 628 1255 2690 2510
345.0 167 418 837 1883 1673

500.0 115 289 577 1255 1155

765.0 75 189 377 866 755

the tap selector is positioned at tap “K” (see Figure 4.18), and the regulating winding is no longer fixed
to the potential of the excitation winding. The new potential is determined by the ratio of the
capacitances between the regulating winding and the excitation winding and between the regulating
winding and ground (location 1 in Figure 4.18). The resulting differential voltage stresses the switching
distance of the opening changeover selector and may cause discharges during the operation. This can be
prevented either by connecting the regulating winding to the excitation winding by a resistor (location 2)
or by a static shield (location 3) or by using a double-reversing (advanced-retard) changeover selector
switch (ARS switch, location 4).

When the voltage per step cannot be kept within the OLTC limit, either a second OLTC must be used
(Figure 4.19a), or the number of steps can be doubled by using an additional coarse tap winding. Two or
more of those windings are also possible (Figure 4.19b). An appropriate multiple changeover selector
must be used.

Figure 4.20 shows a two-tank PST design with three coarse and one fine tap winding at a field site. This
design was forced by the limitation of the mutual induction between the fine and coarse tap windings.
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FIGURE 4.18 Control of the tap-winding potential during changeover selector operation.
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FIGURE 4.19 Use of more than one OLTC and/or multiple changeover selector.

4.8 Other Aspects

4.8.1 Connection

PSTs can be operated in parallel or series connection or a combination of these two. It is assumed that all
n units are of equivalent design.

4.8.1.1 Parallel Connection

+ The throughput power of a single unit is equal to 1/n of the total required throughput power.
+ The phase-shift angle of all units is equal to the required phase-shift angle.
* The impedance of a single unit in ohms must be n times the required total impedance in ohms.
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FIGURE 4.20 Two-tank PST with three coarse- and one fine-tap winding at field site (650 MVA, 60 Hz,
525/525 4+ 12*1.2° kV). (By Courtesy of VATech Transformatoren Weiz Austria (since 2005, Member of Siemens
Group).)

+ The impedance of a single unit in percent, referred to 1/n of the total throughput power, is equal
to the total impedance in percent.

+ When one unit is lost, the total throughput power decreases to (n — 1) /n, and the impedance in
ohms increases to n/(n — 1) of the original value.

4.8.1.2 Series Connection

+ The throughput power of a single unit is equal to the total throughput power.

+ The phase-shift angle of a single unit is equal to 1/n of the total phase-shift angle.

+ The impedance of a single unit in ohms is 1/n of the total impedance.

+ The impedance of a single unit in percent, referred to the throughput power, is 1/n of the total
impedance in percent.

* When one unit is lost or bypassed, the throughput power remains constant, and the total phase-
shift angle and the total impedance in ohms and in percent are reduced by (n—1)/n.

4.8.2 Tests

In case of a two-tank design, the PST should be completely assembled with the two units connected
together, as in service.

Auxiliary bushings may be necessary to make inner windings accessible for measurements of resist-
ances, losses, and temperatures or to allow dielectric tests.
4.8.2.1 Special Dielectric Tests

When bypassing of the unit is a specified operating condition, a special lightning impulse and a special
switching impulse has to be performed with both terminals of the series winding connected.

4.8.2.2 No-Load Phase-Shift Angle

From Figure 4.5, the phase shift angle can be calculated as

VZ V2 _ 2
o = arc cosS—i_L—VS’L (4.41)
2 % VS * VL
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with Vs, Vi, and Vs | being the absolute values of the voltages of corresponding source and load
terminals to ground and between them, respectively.

To differentiate between advanced and retard angle, the following criteria can be used: advanced
phase-shift angle:

Vo1 — Vsa > Vg — Vo

retard phase-shift angle:
Va1 = Vo < V1 — Vo

The tolerance depends on the accuracy of the voltages. ANSI/IEEE C57.135 recommends that this be
1%. This considers the worst case, when Vg and Vy are at the upper tolerance limit (1.005) and V_; is at
the lower limit (0.995).
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Power electronic circuits can convert alternating current (ac) to direct current (dc). These are called
rectifier circuits. Power electronic circuits can also convert direct current to alternating current. These
are called inverter circuits. Both of these circuits are considered to be converters. A transformer that has
one of its windings connected to one of these circuits, as a dedicated transformer, is a converter
transformer, or rectifier transformer. IEC standards refer to these transformers as converter transform-
ers, while IEEE standards refer to these transformers as rectifier transformers. Because it is IEEE practice
to refer to these transformers as rectifier transformers, that same term is used throughout this
discussion.

Transformers connected to circuits with a variety of loads, but which may contain some electronic
circuits that produce harmonics, are not considered to be rectifier transformers. However, they may have
harmonic heating effects similar to rectifier transformers. Those transformers are covered under IEEE
Recommended Practice for Establishing Transformer Capability when Supplying Non-Sinusoidal Load
Currents, ANSI/IEEE C57.110.

Electronic circuits provide many types of control today, and their use is proliferating. These circuits
are generally more efficient than previous types of control, and they are applied in many types of
everyday use. Rectifier circuits are used to provide high-current dc for electrochemical processes like
chlorine production as well as copper and aluminum production. They are also used in variable-speed-
drive motor controls, transit traction applications, mining applications, electric furnace applications,
higher-voltage laboratory-type experiments, high-voltage direct-current power transmission (HVDC),
static precipitators, and others. While HVDC transmission and static precipitators are not directly
covered in this chapter, much of the basic information still applies.
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5.1 Background and Historical Perspective

Rectifier transformers can be liquid-immersed, dry-type, or cast-coil technology. Dry-type trans-
formers were primarily used in distribution-voltage classes. Impregnation systems have improved
with the development of vacuum pressure impregnation (VPI) technology. These types of trans-
formers have been developed to 34-kV and 46-kV classes, although basic-impulse-insulation levels
(BIL) are often less than in liquid-immersed transformers. Cast-coil technology has developed as a
more rugged, nonliquid-filled technology. Both of these types of transformers—dry type and cast
coil—are limited by voltage and kVA size. They have advantages over liquid-filled transformers for
fire protection, since they have no liquids to ignite. However, liquid-immersed transformers can be
built to all voltage levels and current levels. High-fire-point fluids can be used for fire-protection
considerations. Auxiliary cooling can be utilized to cool larger levels of power loss developed in
higher-current applications.

The early rectifiers were pool-cathode mercury rectifiers. These had high levels of short-circuit
failures on transformers and suffered from arc-backs. When one phase faulted, all phases would
dump through the faulted phase. So on a six-phase transformer with 10% impedance, instead of
10 times rated current during a fault, it could develop up to 60 times rated current. Usually the fault
would not be this high, but it could still be in the area of 40 times rated current. This is an
extremely high fault current for a transformer to withstand. Transformers had to be built very
ruggedly and were extremely heavy compared with most transformers, which greatly increased the
cost of these systems. They also had the disadvantage of the environmental problems associated with
mercury. These transformers were built to comply with ANSI/IEEE C57.18-1964, Pool Cathode
Mercury-Arc Rectifier Transformer. The latest revision of this standard was 1964, but it was
reaffirmed later.

Semiconductor rectifiers advanced higher in voltage and current capability, and finally semicon-
ductor technology developed to the point that pool-cathode mercury-arc rectifiers were replaced.
Semiconductor rectifiers also brought the ability of control with thyristors in addition to diodes,
without the use of magnetic devices such as the saturable core reactors and amplistats that had been
used for this purpose. They did have the advantage of little harmonic production, but they are less
efficient than semiconductor devices. Nevertheless, they are still used in many applications today
with diodes.

The new problem presented by semiconductor technology was harmonic current. The operation of
the semiconductor rectifier produces harmonic voltages and currents. The harmonic currents are at
higher frequencies than the fundamental frequency of the transformer. These higher-frequency currents
cause high levels of eddy-current losses and other stray losses in other parts of the transformer. This can
create potentially high temperatures, which degrade the insulation of the transformer and can cause
early failure of the transformer.

Problems of failures were reported to the IEEE Power Engineering Society Transformer Commit-
tee. These were typically hottest-spot failures in the windings. In 1981 a new standard began
development. Rather than just updating the old mercury-arc rectifier standard, a new standard was
created—ANSI/IEEE C57.18.10-1998, Practices and Requirements for Semiconductor Power Rectifier
Transformers. In a similar time frame, IEC developed its own standard, IEC 61378-1-1997, Convertor
Transformers—Part 1: Transformers for Industrial Applications. The IEEE standard took an inor-
dinate amount of time to develop due to the development of new products, new terminology, the
definition of harmonics, the estimated harmonic effects on losses and heating, individual company
practices, conflicting standards, harmonization with the IEC’s efforts to develop a standard, and
development of appropriate test methods, to name a few of the obstacles.

Important developments occurred during the preparation of these standards. Some involve the
specification of transformers, some involve performance characteristics and calculations, and some
involve the testing of transformers.
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5.2 New Terminology and Definitions

At least two new terms were defined in ANSI/IEEE C57.18.10. Both are important in the specification of
rectifier transformers.

5.2.1 Fundamental kVA

The traditional IEEE method for rating a rectifier transformer has always been the root-mean-square
(rms) kVA drawn from the primary line. This is still the method used to develop all of the tables and
figures given in ANSI/IEEE C57.18.10, Clause 10. However, the IEC converter transformer standards
define the kVA by the fundamental kVA drawn from the primary line. The rms-rated kVA method is
based on the rms equivalent of a rectangular current waveshape based on the dc rated load commutated
with zero commutating angle. The fundamental kVA method is based on the rms equivalent of the
fundamental component of the line current. There are pros and cons to both methods. IEC allows only
the fundamental-kVA-method rating with an “in some countries” clause to accommodate North
American practice. The logic behind this rating is that the transformer manufacturer will only be able
to accurately test losses at the fundamental frequency. The manufacturer can not accurately test losses
with the complex family of harmonics present on the system. Therefore, according to IEC, it is only
proper to rate the transformer at the fundamental frequency. Transformer rating and test data will then
correspond accurately.

The traditional IEEE rms-kVA rating method will not be exactly accurate at test. However, it does
represent more accurately what a user sees as meter readings on the primary side of the transformer.
Users feel strongly that this is a better method, and this is what their loading is based on.

ANSI/TEEE C57.18.10 allows for both kVA methods. It is important for a user to understand the
difference between these two methods so that the user can specify which rating is wanted.

5.2.2 Harmonic Loss Factor

The term harmonic-loss factor, Fyp, was developed by IEEE and IEC as a method to define the
summation of harmonic terms that can be used as a multiplier on winding eddy-current losses and
other stray losses. These items are separated into two factors, winding eddy-current harmonic-loss
factor, Fyyr.we, and the other-stray-loss harmonic-loss factor, Fyp_osr- These are used as multipliers of
their respective losses as measured at test at the fundamental frequency. Both factors can be normalized
to either the fundamental current or the rms current.

These terms are similar to the values used by the Underwriters Laboratories (UL) K-factor multiplier,
except that stray losses are amplified by a lesser factor than the winding eddy-current losses. The term
Fyr-we comes mathematically closest to being like the term K-factor. It must be noted that the
term K-factor was never an IEEE term but only a UL definition. The new IEEE Recommended Practice
for Establishing Transformer Capability when Supplying Non-Sinusoidal Load Currents, ANSI/IEEE
C57.100, gives a very good explanation of these terms and comparisons to the UL definition of
K-factor. The Transformers Committee of the IEEE Power Engineering Society has accepted the term
harmonic-loss factor as more mathematically and physically correct than the term K-factor. K-factor is
used in UL standards, which are safety standards. IEEE standards are engineering standards.

In their most simple form, these terms for harmonic-loss factor can be defined as follows:

Far-we = ZIh(Pu)th (5.1)
1

and

Fyr-os1 = Z Li(pu)*h*® (5.2)
T
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where
Fy1.wg =winding eddy-current harmonic-loss factor
Fy1_os = other-stray-loss harmonic-loss factor
I, = harmonic component of current of the order indicated by the subscript h
h =harmonic order

As is evident, the primary difference is that the other stray losses are only increased by a harmonic
exponent factor of 0.8. Bus-bar, eddy-current losses are also increased by a harmonic exponent factor of
0.8. Winding eddy-current losses are increased by a harmonic exponent factor of 2. The factor of 0.8 or
less has been verified by studies by manufacturers in the IEC development and has been accepted in
ANSI/IEEE C57.18.10. Other stray losses occur in core clamping structures, tank walls, or enclosure
walls. On the other hand, current-carrying conductors are more susceptible to heating effects due to the
skin effect of the materials. Either the harmonic spectrum or the harmonic-loss factor must be supplied
by the specifying engineer to the transformer manufacturer.

5.3 Rectifier Circuits

Rectifier circuits often utilize multiple-circuit windings in transformers. This is done to minimize
harmonics on the system or to subdivide the rectifier circuit to reduce current or voltage to the
rectifier. Since different windings experience different harmonics on multiple-circuit transformers, the
kVA ratings of the windings do not add arithmetically. Rather, they are rated on the basis of the rms
current carried by the winding. This is an area where the rms-kVA rating of the windings is
important. The fundamental-kVA rating would add arithmetically, since harmonics would not be a
factor.

Rectifier circuits can be either single way or double way. Single-way circuits fire only on one side of the
waveform and therefore deliver dc. Double-way circuits fire on both side of the waveform.

A variety of common rectifier circuits are shown in Figure 5.1 through Figure 5.11. Table 9 in
ANSI/IEEE C57.18.10 shows the properties of the more common circuits, including the currents and
voltages of the windings. The dc winding—the winding connected to the rectifier—is usually the
secondary winding, unless it is an inverter transformer. The ac winding—the winding connected to
the system—is usually the primary winding, unless it is an inverter transformer.

A six-pulse single-way transformer would have to have two secondary windings, like a Circuit 45
transformer (Figure 5.5), which has a delta primary winding with double-wye secondary windings. A
six-pulse double-way transformer can be a simple two-winding transformer, like a Circuit 23 trans-
former (Figure 5.1), which is a simple delta-wye transformer. This is due to the number of pulses each
circuit has over the normal period of a sine wave.

Ha Ro

23 ii R,
H, H

° — Es I‘—Rs

T L1

Delta, six phase,
wye, double-way

FIGURE 5.1 ANSI Circuit 23. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)
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FIGURE 5.2 ANSI Circuit 25. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)

Delta, six phase,
delta, double-way

H, R.

26 )\ R, <]
H1 H

3 RS

v | T

.

Wye, six phase,
delta, double-way

FIGURE 5.3 ANSI Circuit 26. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)
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Delta, twelve phase, multiple
delta-wye, double-way

FIGURE 5.4 ANSI Circuit 31. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)

45

Delta, six phase, double wye

FIGURE 5.5 ANSI Circuit 45. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)
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H,

Wye, six phase, double wye

FIGURE 5.6 ANSI Circuit 46. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)
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Delta, six phase, parallel double wye
with single interphase transformer

FIGURE 5.7 ANSI Circuit 50. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)

50A

Delta, six phase, parallel double wye
with two interphase transformers

FIGURE 5.8 ANSI Circuit 50A. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)
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Wye, six phase, parallel double wye
with single interphase transformer

FIGURE 5.9 ANSI Circuit 51. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)
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51A

Wye, six phase, parallel double wye
with two interphase transformers

FIGURE 5.10 ANSI Circuit 51A. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)

Wye delta, twelve phase, quadruple wye

FIGURE 5.11 ANSI Circuit 52. (From ANSI/IEEE C57.18.10-1998. © IEEE 1998. With permission.)

5.4 Commutating Impedance

Commutating impedance is defined as one-half the total impedance in the commutating circuit
expressed in ohms referred to the total secondary winding. It is often expressed as percent impedance
on a secondary kVA base. For wye, star, and multiple-wye circuits, this is the same as derived in ohms on
a phase-to-neutral voltage basis. With diametric and zigzag circuits, it must be expressed as one-half the
total due to both halves being mutually coupled on the same core leg or phase. This is not to be confused
with the short-circuit impedance, i.e., the impedance with all secondary windings shorted. Care must be
taken when expressing these values to be careful of the kVA base used in each. The commutating
impedance is the impedance with one secondary winding shorted, and it is usually expressed on its own
kVA base, although it can also be expressed on the primary kVA base if desired.

Care must be taken when specifying these values to the transformer manufacturer. The impedance
value, whether it is commutating impedance or short-circuit impedance, and kVA base are extremely
important.

Use ANSI/IEEE C57.18.10 as a reference for commutating impedance. The tables of circuits in this
reference are also useful.

5.5 Secondary Coupling

Three-winding transformers with one primary winding and two secondary windings, such as Circuit 31
(Figure 5.4), Circuit 45 (Figure 5.5), and Circuit 46 (Figure 5.6), can be constructed as tightly
coupled secondary windings or as loosely coupled or uncoupled secondary windings. The leakage
reactance is common to the tightly coupled secondary windings but is independent for the uncoupled
secondary windings.
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If two separate transformers were constructed on separate cores, the couplings would be completely
independent of one another, i.e., uncoupled. When the windings of one of these transformers are
combined on a common core, there can be varying degrees of coupling, depending on the transformer
construction.

Some transformers must be made with tightly coupled windings. This is commonly accomplished by
winding the secondary windings in an interleaved or bifilar fashion. This is almost always done with low-
voltage, high-current windings. Higher-voltage windings would have high-voltage stresses from this type
of construction. However, the higher-current windings also benefit from the harmonic cancellation
resulting from the close coupling of the secondary windings. This type of construction is usually required
with Circuit 45 and 46 transformers and other single-way double-wye transformers. Such transformers
would suffer from three-pulse harmonics without the tight coupling of the secondary windings.

Secondary coupling is used in all types of traction-duty transformers. This offers the advantage of low
commutating impedance with high short-circuit impedance. Harmonic cancellation also is accom-
plished in the secondary windings.

The degree of coupling affects the magnitude of the fault current that can be produced at short circuit.
If secondary circuits are paralleled, unbalanced commutation impedances can produce high fault
currents. The degree of coupling can also affect the voltage regulation at high overloads, as can be
seen in traction service or high-pulse duty.

The degree of coupling also influences the voltage regulation when overloads are high, say in the range of
200% or higher. When developing these values, the impedance can be found mostly in the primary windings
or in the secondary windings, depending on the transformer construction. Equation 5.3, Equation 5.4, and
Equation 5.5 will bear this out when used on different types of three-winding rectifier transformers. With
some constructions, all of the impedance is in the secondary winding, and the primary winding can actually
calculate as negative impedance. This can be beneficial in high overload conditions for 12-pulse converters.

Three-winding transformers are usually not completely coupled or uncoupled in practicality. The
degree of coupling varies between one and zero, where zero means the secondary windings are
completely uncoupled. When the coupling is a one, the secondary windings are completely coupled.
Anything between is partial coupling, and the precise value gives an appraisal of the degree of coupling.
If a particular coupling is required, it must be specified to the transformer manufacturer.

Three-winding transformers with one delta secondary winding and one wye secondary winding (an
ANSI Circuit 31) are the transformers where the coupling can be accomplished with a coupling from
nearly zero to nearly unity. The common types of construction for three-winding rectifier transformer
windings are shown in Figure 5.12a through Figure 5.12e.

To determine the degree of coupling, a series of impedance tests are required as explained in
ANSI/IEEE C57.18.10, Clause 8.6.3. An impedance test is done where each secondary is shorted in
turn. For commutating impedance, this is done at the secondary kVA rating or base. However, for the
purposes of this calculation, it should be calculated at the primary kVA base in order to keep all terms in
Equation 5.3, Equation 5.4, and Equation 5.5 on the same base. Finally, the short-circuit impedance test
is performed, where both secondary windings are shorted and primary current of sufficient magnitude is
applied to the transformer to obtain the primary kVA rating.

For the purposes of this discussion and Figure 5.13, we will assume that the two secondary
impedances are equal. In reality, the two values are usually slightly different. This would make the
calculations somewhat more complicated. The degree of coupling may be somewhat different based on
this simplification.

The variables depicted in Figure 5.13 are as follows:

Z, = primary impedance
Z; = secondary impedance
K = coupling factor

From the results of the impedance tests, we have the short-circuit impedance and the commutating
impedance, both on a primary kVA base. We can then express the two terms as follows:
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FIGURE 5.12 (a) Two-tier or stacked-coil arrangement. (b) Concentric-coil arrangement. (c) Split stacked-
secondary arrangement. (d) Interleaved or bifilar secondary arrangement. (e) Interleaved helical secondary arrangement.

The commutating impedance is
Ze=7,+7 (5.3)
The short-circuit impedance is
Zoe = Zy + Z4)2 (5.4)
From the results of the tests, solve the two simultaneous equations (Equation 5.3 and Equation 5.4)
for the value of the primary impedance. This value and the commutating impedance (Equation 5.3) are
the values needed to calculate the degree of coupling.

The coupling factor is

K=2,/Z (5.5)

Zs |

Zp

Zs

FIGURE 5.13 Impedance diagram of a three-winding transformer.
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If the coupling factor is zero, the secondary windings are completely uncoupled, and the primary
impedance is zero. When the coupling factor is unity, the secondary windings are completely coupled
and the secondary impedance is zero. Values in between indicate partial coupling.

The derived values can be further broken down into reactance and resistance, which gives a closer
definition of the coupling factor if required.

Each of the transformer types shown in Figure 5.12 gives a different coupling factor, and only the
interleaved types provide close coupling. The coil design should be matched to the coupling desired by
the user. The designs in Figure 5.12a and Figure 5.12b are loosely coupled. The design in Figure 5.12¢ is
rather tightly coupled, while the designs in Figure 5.12d and Figure 5.12¢ are very tightly coupled. The
user must specify to the transformer manufacturer the type of coupling desired.

5.6 Generation of Harmonics

Semiconductor power converters for both ac and dc conversions have long been known to produce
harmonic currents that affect other electrical equipment. IEEE 519, IEEE Recommended Practices and
Requirements for Harmonic Control in Electric Power Systems, is an excellent source for discussion of
the generation and amplitudes of the harmonic currents discussed.

Figure 5.14 shows a three-phase bridge rectifier. A periodic switching converts electrical power from
one form to another. A dc voltage with superimposed high-frequency ripple is produced. The ripple
voltage consists of the supply voltage with a frequency of multiples of six times the fundamental
frequency. This can be done using either diode rectifiers or thyristors.

Energy balance and Fourier analysis of the square waves confirms that each 6n harmonic in the dc
voltage requires harmonic currents of frequencies of 6n + 1 and 6n — 1 in the ac line. The magnitude of
the harmonic current is essentially inversely proportional to the harmonic number, or a value of 1/h.

This is true of all converters. Once the number of pulses is determined from a converter, the harmonics
generated will begin to be generated on either side of the pulse number. So a six-pulse converter begins to
generate harmonics on the 5th and 7th harmonic, then again on the 11th and 13th harmonic, and so on. A
12-pulse converter will begin to generate harmonics on the 11th and 13th harmonic, and again on the 23rd
and 25th harmonic, and so on. In order to reduce harmonics, topologies are developed to increase the
number of pulses. This can be done using more-sophisticated converters or by using multiple converters
with phase shifts. From this, we can express the above in a general formula for all pulse converters as
per Equation 5.6.

R2

H2
R1 12
N DC winding
t—Es > H1 H3
R3 LQ
YL
[« EL—>]
4 6 2 AC winding
R2 R3 Esl::l Ed
1 3 5
—>Id
+
Instantaneous
DC Volts + to —

FIGURE 5.14 Three-phase bridge rectifier.
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TABLE 5.1 Theoretical Harmonic Currents Present in Input Current to a Typical Static Power Rectifier,
Per Unit of the Fundamental Current

Rectifier Pulse Number

Harmonic Order 6 12 18 24 30 36 48
5 0.2000 — — — — — —
7 0.1429 — — — — — —
11 0.0909 0.0909 — — — — —
13 0.0769 0.0769 — — — — —
17 0.0588 — 0.0588 — — — —
19 0.0526 — 0.0526 — — — —
23 0.0435 0.0435 — 0.0435 — — —
25 0.0400 0.0400 — 0.0400 — — —
29 0.0345 — — — 0.0345 — —
31 0.0323 — — — 0.0323 — —
35 0.0286 0.0286 0.0286 — — 0.0286 —
37 0.0270 0.0270 0.0270 — — 0.0270 —
41 0.0244 — — — — — —
43 0.0233 — — — — — —
47 0.0213 0.0213 — 0.0213 — — 0.0213
49 0.0204 0.0204 — 0.0204 — — 0.0204
h=kq=+1 (5.6)
where

k= any integer
q = converter pulse number

Table 5.1 shows a variety of theoretical harmonics that are produced based on the pulse number of the
rectifier system. It should be emphasized that these are theoretical maximum magnitudes. In reality,
harmonics are generally reduced due to the impedances in the transformer and system, which block the
flow of harmonics. In fact, harmonics may need to be expressed at different values, depending on the
load. On the other hand, due to system interaction and circuit topology, sometimes the harmonic
current values are greater than the ideal values for certain harmonic values. The interaction of devices
such as filters and power-factor correction capacitors can have a great affect on the harmonic values.
These interactions are not always predictable. This is also one of the problems faced by filter designers.
This has increasingly led toward multisecondary transformers that cancel the harmonics at their primary
terminals, although the transformer generally still has to deal with the harmonics.

A quick study of Table 5.1 shows that the harmonic currents are greatly reduced as the pulse number
increases. Of course, the cost of the rectifiers and transformers increases as the complexity of the design
increases. One must determine what level of power quality one can afford or what level is necessary to
meet the limits given by IEEE 519.

5.7 Harmonic Spectrum

One requirement of ANSI/IEEE C57.18.10 is that the specifying engineer supply the harmonic load
spectrum to the transformer manufacturer. There are too many details of circuit operation, system
parameters, and other equipment, such as power-factor correction capacitors, for the transformer
manufacturer to be able to safely assume a harmonic spectrum with complete confidence. The require-
ment to specify the harmonic spectrum is of utmost importance. Indeed, the problem of harmonic
heating was the primary reason for the creation of ANSI/IEEE C57.18.10, which shows the theoretical
harmonic spectrum similar to that presented in Table 5.1, also in theoretical values. The 25th
harmonic was used as the cutoff point, since the theoretical values were given in the table. Table 1 of
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ANSI/IEEE C57.18.10 provides very conservative values. Consider what would happen if we used the
theoretical values of harmonic current and allowed the spectrum to go on and on. The harmonic-loss
factor from such an exercise would be infinity for any pulse system. A reasonable cutoff point and
accurate harmonic spectrum are necessary to properly design transformers for harmonic loads. While it
may be prudent to be somewhat conservative, the specifying engineer must recognize the cost of being
overly conservative. If the transformer spectrum is underestimated, the transformer may overheat. If the
harmonic spectrum is estimated at too high a value, the transformer will be overdesigned, and the user
will invest more capital in the transformer than is warranted.

It is also not possible to simply specify the total harmonic distortion (THD) of the current in order to
specify the harmonics. Many different harmonic-current spectra can give the same THD, but the
harmonic-loss factor may be different for each of them.

Total percent harmonic distortion, as it relates to current, can be expressed as:

H
Iup = [ > Tp/T}| x 100% (5.7)
h=2

where
I}, = current for the hth harmonic, expressed in per-unit terms
I, = fundamental frequency current, expressed in per-unit terms

Limits of allowable total harmonic distortion are given in IEEE 519, Recommended Practices and
Requirements for Harmonic Control in Electric Power Systems.
Likewise, total harmonic distortion as it relates to voltage can be expressed as:

H
Vinp = | Y Vi’ /Vi?| x 100% (5.8)
h=2

where
V}, = voltage for the hth harmonic, expressed in per-unit terms
V; = fundamental frequency current, expressed in per-unit, terms

Again, IEEE 519 also addresses total harmonic distortion and its limits.

Typically, voltage harmonics do not affect a rectifier transformer. Voltage and current harmonics
usually do not create a core-heating problem. However, if there is dc current in the secondary waveform,
the core can go into saturation. This results in high vibration, core heating, and circulating currents,
since the core can no longer hold the flux. Nevertheless, the normal effect of harmonics is a noisier core
as it reacts to different load frequencies.

Assume a harmonic spectrum as shown in Table 5.2.

TABLE 5.2 Theoretical Harmonic Spectrum

Harmonic Harmonic, Per Unit Current
1 1.0000
5 0.1750
0.1000
11 0.0450
13 0.0290
17 0.0150
19 0.0100
23 0.0090
25 0.0080
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TABLE 5.3 Comparison of Harmonic-Loss Factor for the Theoretical Spectrum and an Example Spectrum

Harmonic I I I I I2h? ’h?
h Theoretical Example h? Theoretical Example Theoretical Example
1 1.0000 1.0000 1 1.0000 1.0000 1.0000 1.0000
5 0.2000 0.1750 25 0.0400 0.3063 1.0000 0.7656
7 0.1429 0.1000 49 0.0204 0.0100 1.0000 0.4900
11 0.0909 0.0450 121 0.0083 0.0020 1.0000 0.2450
13 0.0769 0.0290 169 0.0059 0.0008 1.0000 0.1421
17 0.0588 0.0150 289 0.0035 0.0002 1.0000 0.0650
19 0.0526 0.0100 361 0.0028 0.0001 1.0000 0.0361
23 0.0435 0.0090 529 0.0019 0.0001 1.0000 0.0428
25 0.0400 0.0080 625 0.0016 0.0001 1.0000 0.0400

Fqp = 3 9.0000 2.8266

If we look at the theoretical spectrum shown in Table 5.2 and compare it with an example spectrum in
Table 5.3, we can see that the effects of the harmonic currents are quite different. The harmonic-loss
factor, Fyy, is calculated for both the theoretical spectrum and the example spectrum in Table 5.3.

The results in Table 5.3 dramatically show the reality of many harmonic spectra. The winding eddy-
and stray-loss multiplier from the example harmonic spectrum is much less than the theoretical value
would indicate. This was one of the failings of rating transformers using the UL K-factor and then
assigning an arbitrary value based on service. While this approach may be conservative and acceptable in
a safety standard, it is not an engineering solution to the problem. The values of Fy; above demonstrate
the need to have a reasonable harmonic spectrum for applications. Many site-specific installations
measure and determine their harmonic spectra. For ease of specification, many specifying engineers
use a standard spectrum that may not be applicable in all installations. This practice runs the risk of
underspecifying or overspecifying the transformer. Underspecifying the harmonic spectrum results in
overheated transformers and possible failures. Overspecifying the harmonic spectrum results in over-
built and more costly capital equipment.

5.8 Effects of Harmonic Currents on Transformers

To better understand how harmonic currents affect transformers one must first understand the basic
construction. For power transformers up to about 50 MVA, the typical construction is core form. The
low-voltage winding is generally placed next to the core leg, with the high-voltage winding wound
concentrically over the low-voltage winding. For some high-current transformers, these windings may
be reversed, with the low-voltage winding wound on the outside over the high-voltage coil. The core and
coils are held together with core clamps, and the core and coil is generally enclosed by a tank or
enclosure. See Figure 5.15 for this construction and a view of leakage field around the transformer.

Losses in the transformer can be broken down into core loss, no-load loss, and load loss. Load losses
can be further broken down into I°R loss and stray loss. Stray loss can be further broken down into
eddy-current losses and other stray losses. Electromagnetic fields from the ac currents produce voltages
across conductors, causing eddy currents to flow in them. This increases the conductor loss and
operating temperature. Other stray losses are due to losses in structures other than the windings, such
as core clamps and tank or enclosure walls.

The region of maximum eddy-current losses is the upper region of the winding, near the high-low
barrier. The same usually exists at the bottom of the transformer winding as well, but it is typically the
upper region that has the most damaging effects, as it is in a higher ambient temperature of liquid or air.

Core-loss components can be broken down into core eddy loss, hysteresis loss, and winding-excitation
loss. These losses are a function of the grade of core steel, the lamination thickness, the type of core and
joint, the operating frequency, the destruction factor during manufacture, and the core induction.
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FIGURE 5.15 Transformer construction and electromagnetic leakage field.

Harmonic currents can create harmonic voltage distortions and somewhat increase the core loss, the
exciting current, and sound levels while leading to potential core-saturation problems. However, this is
not considered to be the main cause of problems in rectifier transformers. ANSI/IEEE C57.18.10 does
not calculate any effect on the core loss by the harmonic currents.

Other stray losses are generally proportional to the current squared times the harmonic frequency
order to the 0.8 power, as shown earlier in Equation 5.2. Metallic parts will increase in temperature,
and load loss will increase. These losses are generally not detrimental to the life of the transformer as
long as the insulating system is not damaged. The metallic parts typically affected are the core
clamps, winding clamping structures, and tank or enclosure walls. The use of nonmagnetic materials,
magnetic shields, conductive shields, increased magnetic clearances, and interleaving of high-current
buswork are useful methods in reducing the stray losses that are amplified by the harmonic currents.

Eddy-current losses in the windings are affected mostly by harmonic currents. The eddy-current
loss is proportional to the square of the load current and the square of the harmonic frequency, as
shown earlier in Equation 5.1. These losses are increased in the hottest-spot area of the winding and can
lead to early insulation failure. The transformer designer must make efforts to reduce the winding eddy-
current losses due to the harmonic amplification of these losses. Careful winding and impedance
balances, dimensioning of the conductors, and transposition of the conductors are useful methods in
this effort.

I°R losses increase as the rms current of the transformer increases. A transformer with a higher
harmonic spectrum will draw more current from the system.

To see the results on the losses of the transformer, consider the following example for a 5000-kVA
rectifier transformer with the harmonic spectrum shown in Table 5.4. From the design or test losses, we
can determine how many watts will be generated by each loss component and what needs to be cooled.
For this example we will assume that the transformer has the following loss data:

Core loss = 9,000 W

IR loss = 30,000 W

Winding eddy-current loss = 6,000 W
Bus loss = 1,000 W

Other stray loss = 4,000 W

Total sinusoidal loss = 50,000 W
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TABLE 5.4 Example of a Harmonic
Spectrum for the Example Problem

Harmonic Order  Per Unit Load Current

1.000
5 0.180

0.120
11 0.066
13 0.055
17 0.029
19 0.019
23 0.009
25 0.005

We can determine the harmonic loss factors in Table 5.5.
rms p.u. current = ,/1.055489 = 1.02737 (5.9)

From the results of the calculations in Table 5.5, we can now calculate the service losses under harmonic
load conditions as follows:

Core loss remains unchanged from the fundamental kVA, per ANSI/IEEE C57.18.10.
The rms kVA would be 1.02737 times the fundamental kVA.

The fundamental I’R losses would be increased by 1.055.

Multiply the fundamental winding eddy-current losses by 3.9856.

Multiply the fundamental other stray losses and bus-bar eddy-current losses by 1.2521.

A

The results of these calculations are shown in Table 5.6. The losses to be considered for thermal
dimensioning would be the service losses, not the fundamental losses of Table 5.4. When the
temperature-rise test is performed, it must be done with the calculated service losses per ANSI/IEEE
C57.18.10. These calculated service losses should be a conservative estimate of the actual losses. Actual
losses will probably be slightly less.

These calculated service losses would require significantly more radiators for a liquid-filled unit or the
winding ducts for a dry-type or cast-coil transformer than the fundamental losses would indicate. More
detailed examples of these types of loss calculations are given in the Annex of ANSI/IEEE C57.18.10.

TABLE 5.5 Calculated Harmonic Loss Factors

Harmonic Fundamental, Fundamental, Fir-ost, and
Order (h) pu. A p.u. A? h? ho8 Fr, we Bus Loss
1 1.000 1.000000 1 1.0000 1.0000 1.0000
5 0.180 0.032400 25 3.6238 0.8100 0.1174
7 0.120 0.014400 49 4.7433 0.7056 0.0683
11 0.066 0.004356 121 6.8095 0.5271 0.0297
13 0.055 0.003025 169 7.7831 0.5112 0.0235
17 0.029 0.000841 289 9.6463 0.2430 0.0081
19 0.019 0.000361 361 10.5439 0.1303 0.0038
23 0.009 0.000081 529 12.2852 0.0428 0.0010
25 0.005 0.000025 625 13.1326 0.156 0.0003
p — 1.055489 — — 3.9856 1.2521
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TABLE 5.6 Calculated Service Losses

Fundamental Losses Fyy1. Multiplier Service Losses
Core loss 9,000 W 1.0000 9,000 W
IR loss 30,000 W 1.0555 31,655 W
Winding eddy-current loss 6,000 W 3.9856 22,914 W
Bus loss 1,000 W 1.2521 1,252 W
Other stray loss 4,000 W 1.2521 5,008 W
Total losses 50,000 W — 69,829 W

5.9 Thermal Tests

The losses calculated by using the harmonic-loss factors are used when the thermal tests are performed.
The thermal tests are performed per ANSI/IEEE C57.18.10. The methods are similar to ANSI/IEEE
C57.12.90 and ANSI/IEEE C57.12.91, except instead of the fundamental or rms current, the current
must be sufficient to produce the losses with harmonics considered.

In the case of liquid-filled transformers, sufficient current is applied to the transformer to obtain the
calculated service losses with harmonics. Once the top-oil temperature is obtained, the core loss is
backed out. The rated-current portion of the test is performed with current sufficient to produce the
load losses with harmonics included.

In the case of dry-type transformers, the core-loss portion of the test is the same as a standard
transformer. When the load portion of the test is preformed, the rated-current portion of the test is
performed with current sufficient to produce the load losses with the harmonics included.

Once the thermal tests are completed, there are possibly some adjustments necessary to the calculated
temperature rise. This is especially true in the case of multiple-secondary-winding transformers. If the
harmonic-loss factor for the secondary winding is different from the primary winding, the secondary-
winding rise may need to be adjusted upward based on the losses it should have had. The primary-
winding rise is then adjusted downward.

Temperature-rise tests of single-way transformers, such as ANSI Circuit 45 (Figure 5.5), are at best a
compromise, unless the rectifier is available. Standard short-circuit tests used to thermally test the
transformer will not even energize the interphase portions of the transformer. Either the primary
windings or the secondary windings will be either greatly overloaded or underloaded. Care must be
taken not to damage the transformer during the thermal tests. For instance, attempts to circulate
currents in both secondary windings may cause the primary winding to be overloaded.

This is a significant change from the mercury-arc rectifier transformer standard, ANSI/IEEE C57.18.
That standard did not require the use of calculated harmonic losses in the thermal test. Transformers
were tested with the normal fundamental sinusoidal losses and were cooled to a fixed number of degrees
below the normal temperature rise, based on the service class and type of transformer. These were shown
in Table 8 (limits of temperature rise) of that standard.

5.10 Harmonic Cancellation

Some harmonics can be cancelled, depending on how the windings are constructed or on the trans-
former circuit selected. Cancellation considerations are vital to the proper design and cooling of the
transformer windings.

If the secondary windings are interleaved, the harmonic currents still exist for the converter pulse
of the secondary, but the effects of the harmonics are reduced to the next pulse converter level. This is
true of secondary windings constructed like Figure 5.12d and Figure 5.12¢ of Circuit 31 (Figure 5.4),
Circuit 45 (Figure 5.5), or Circuit 46 (Figure 5.6) secondary windings and the like. Circuit 45 and 46
secondary windings will still carry three-pulse harmonics, but the harmonic-loss factor affecting the
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secondary-winding eddy-current losses is reduced to
that of a six-pulse transformer. For a Circuit 31
transformer with six-pulse secondary windings, it
will still carry six-pulse secondary harmonic cur-
rents, but the secondary-winding eddy-current losses
will only be affected by 12-pulse harmonics.

If primary windings are made of paralleled sec-
tions, they have the same harmonic currents and
harmonic-loss effects as their opposing secondary
windings. This is the case for Figure 5.12a, a
popular Circuit 31 transformer. All windings of
this figure have six-pulse harmonics in the winding
currents and the effect of the harmonics on the
secondary-winding eddy-current losses. At the pri-
mary terminals of the transformer, the unit will
have 12-pulse harmonics. For the user, this is the
important feature. The winding construction is
usually the choice of the transformer manufacturer.
However, some specifying engineers will request
particular constructions in order to achieve their
desired system characteristics.

All of the harmonic cancellations discussed so far
have used simple delta and wye windings in order to
achieve them. Additional phase shifts are used to
achieve higher pulse orders. This is accomplished
by using extended delta windings, zigzag wye wind-
ings, and polygon windings. These are shown in
Figure 5.16 through Figure 5.18. The windings are
extended the required amount to produce the degree
of shift desired. These are usually done at 7, 10, 15,
and 20°, although more increments are possible in
order to achieve the desired converter pulse.

The type of winding combinations required for
the converter pulse desired can be quite comprehen-
sive. A table of typical winding shifts is shown in
Table 5.7, but other combinations are acceptable.
The table shows the required number of secondary
windings needed with a single-primary-winding
transformer. This is usually used with higher-voltage,
low-current secondary windings. It can also be used
as the required number of primary-winding shifts
and transformers, when the transformers have the
same single-secondary-winding phase relationship.
This is usually used with high-current secondary
windings.

FIGURE 5.18 Polygon winding shift.

Using different phase shifts on the single winding of the transformer, whether the primary or

secondary winding, can increase the number of phase shifts. For instance, two 12-pulse transformers
can make a 24-pulse system by using a delta primary on one transformer and a wye primary on the
other. In cases where it may be desirable to have an interchangeable spare, it is sometimes beneficial to
use two 15° phase-shifted primary windings. The spare transformer can then be made with a reconnect-

able winding for +15° shift.
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TABLE 5.7 Required Number of Six-Pulse Windings and Connections

Number of Six-Pulse Windings and Typical Connections

Pulse
Number 1 2 3 4 5 6 7 8
6 delta or wye — — — — — — —
12 delta wye — — — — — —
18 delta wye —10° wye + 10° — — — — —
18 delta + 10° delta —10° wye — — — — —
18 delta + 20° delta delta —20° — — — — —
24 delta + 15° delta delta —15° wye — — — —
24 delta wye + 15° wye wye —15° — — — —
24 delta + 7 1/2° delta =7 1/2°  wye +7 1/2° wye —7 1/2° — — — —
30 delta + 12° delta delta —12° wye + 6° wye —6° — — —
36 delta + 10° delta delta —10° wye + 10° wye —10° wye — —
48 delta + 15° delta +71/2° delta delta —7 1/2° delta —15° wye —7 1/2° wye wye + 7 1/2°

It is important to note that harmonic cancellation is generally not perfect. This is due to several
factors, such as unbalanced loading, inaccurate phase shifts, differences in commutating impedances,
and tap changes. That may be acceptable at some times but not at others. It is common to assume a 5%
residual of lower harmonics to accommodate these realities.

When the phase shift is incorporated in the primary winding, the degree of shift will vary somewhat as
taps are changed on the transformer unless a tap changer is used in the main part of the shifted winding
and the extended part of the shifted winding. Even then, there may be a slight shift. These problems
may vary by about a degree of shift over the tap range of most transformers (Figure 5.19 through
Figure 5.23).

5.11 DC Current Content

If dc current is present in either the supply side or the load side of the transformer windings, it must be
specified to the transformer manufacturer at the time of quotation. Some rectifier circuits, such as
cycloconverters, have the possibility of dc current in the load current. A small amount of dc current can
saturate the core of a transformer. The effects of this may be core and core-joint overheating, core-clamp

FIGURE 5.19 A 12-pulse Circuit 31 5450-kVA, 4160-V delta primary to 2080-V delta and wye secondaries, cast-
coil transformer in case. (Photo courtesy of Niagara Transformer Corp.)
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FIGURE 5.20 A 24-pulse dry-type transformer. 7000-kVA drive duty transformer, to be located in a tunnel, made
of two 3500-kVA 12-pulse transformers. Each core and coil has 1100-V delta and wye secondary windings. Each core
and coil has a 13,200-V extended-delta primary winding. One core and coil has its primary winding shifted —15°,
while the other core and coil has its primary winding shifted +15°. One reconnectable primary spare core and coil
can be used to replace either core and coil assembly. (Photo courtesy of Niagara Transformer Corp.)

heating from fields and circulating currents, winding hot spots, and even tank heating. Noise and
vibration are also often present.

5.12 Transformers Energized from a Converter/Inverter

Transformers energized from a converter/inverter are often subject to considerably distorted voltages.
If voltage harmonics are known to be above the limits of IEEE 519, they must be specified. Variable-frequency

iy
il

o

FIGURE 5.21 A 36-pulse system made up of 12 transformers with six types of six-pulse transformers for high-
current electrochemical rectifier duty. Each transformer is 11,816-kVA OFWF with 426-V delta secondary windings.
Each transformer has a 34,500-V primary with the shifts shown in Table 5.7 for a 36-pulse system. (Photo courtesy of
Niagara Transformer Corp.)

© 2006 by Taylor & Francis Group, LLC.



FIGURE 5.22 A 5000-kVA 18-pulse transformer ready for shipment. Motor drive duty, 13,800-V delta primary to
secondaries of 1400-V delta, 1400-V delta +20°, and 1400-V delta —20°. (Photo courtesy of Niagara Transformer Corp.)

applications are generally considered to be at constant volts per hertz. If the volt-per-hertz ratio is variable, the

degree of variation must be specified. The flux density of the core is the governing factor, not the maximum
value of the sinusoidal voltage.

5.13 Electrostatic Ground Shield

It is usually desirable to have an electrostatic ground shield between the primary and secondary windings.
The electrostatic ground shield provides capacitive decoupling of the primary and secondary
windings. Generally, the winding connected to the rectifier circuit is ungrounded. Without the presence
of the electrostatic ground shield, transients on the primary side transfer to the secondary side of the

FIGURE 5.23 A 37,500-kVA OFAF regulating autotransformer with LTC and saturable core reactors and dc power
supplies. The high voltage is dual voltage for 13,800-V wye and 23,000-V wye. The LTC and saturable-core reactors
permit the secondary voltage to range from 14,850-V wye down to 7,150-V wye. The LTC makes coarse taps, while
the saturable-core reactors provide infinite variability between taps. This transformer powers downstream to an
electrochemical service diode rectifier. The transformer weighs over 170,000 Ib, as it includes the main transformer, a
series transformer, a preventive autotransformer, and saturable core reactors. The dc power supplies provide control
to the saturable-core reactors. (Photo courtesy of Niagara Transformer Corp.)
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transformer. These may be approximately 50% of the magnitude of the primary transient if there are no
grounds in the system. This is high enough to fail secondary windings and core insulation or to cause
rectifier-circuit failures. The other normally considered advantage to the system is the minimization of
high-frequency disturbances to the primary system due to the rectifier.

5.14 Load Conditions

Load conditions generally are categorized by the service to which the transformer will be subjected.
ANSI/IEEE C57.18.10 gives the limits of rectifier transformer winding temperatures for defined load
cycles. These limits are the hottest-spot temperature limits of the applicable insulation systems. These
are the same limits that one may have with a standard power transformer that is not subject to loads rich
in harmonics. However, the harmonic losses are to be included in the calculation and test values used to
determine thermal capability for rectifier transformers. The standard service rating classes are as follows:

Electrochemical service
Industrial service

Light traction or mining service
Heavy traction service
Extra-heavy traction service

AN AN o

User-defined service

User-defined service is a catch-all for load patterns not defined in items 1 through 5.

5.15 Interphase Transformers

Interphase transformers help to combine multiple rectifier outputs. They may be external or internal to
the rectifier transformer. The interphase transformer supports ac voltage differences between the rectifier
outputs. They cannot balance steady-state differences in dc voltage, since they only provide support to ac
voltage differences. The interphase-transformer windings carry both ac and dc currents. The windings
are in opposition so as to allow dc current to flow, but this causes opposing ampere-turns on the core.
The core usually has to be gapped for the expected dc current unbalances and to be able to support the
expected magnetizing current from the ripple voltage. Excellent sources on this are Schaefer (1965) and
Paice (1996, 2001) listed in the references below.
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A dry-type transformer is one in which the insulating medium surrounding the winding assembly is a
gas or dry compound. Basically, any transformer can be constructed as “dry” as long as the ratings, most
especially the voltage and kVA, can be economically accommodated without the use of insulating oil or
other liquid media. This section covers single- and three-phase, ventilated, nonventilated, and sealed
dry-type transformers with voltage in excess of 600 V in the highest-voltage winding.

Many perceptions of dry-type transformers are associated with the class of design by virtue of the
range of ratings or end-use applications commonly associated with that form of construction. Of course,
the fundamental principles are no different from those encountered in liquid-immersed designs, as
discussed in other chapters. Considerations involving harmonics are especially notable in this regard.
Consequently, this chapter is brief, expounding only on those topics that are particularly relevant for a
transformer because it is dry.

Dry-type transformers when compared with oil-immersed transformers are lighter and nonflam-
mable. Increased experience with thermal behavior of materials, continued development of materials,
and transformer design has improved transformer thermal capability. Upper limits of voltage and kVA
have increased. Winding insulation materials have advanced from protection against moisture to
protection under more adverse conditions (e.g., abrasive dust and corrosive environments).

6.1 History

The history of dry-type transformers can be traced to demonstration of the principle of electromagnetic
induction and development of ac lighting systems. In 1831, Michael Faraday demonstrated induction of
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current in a secondary coil by the electromagnetic effect of current in the primary coil. Sir William Grove
was the first to connect a transformer to an ac source needing high-voltage power for his laboratory
work, but its significance as a commercial application was not realized.

In 1882, Lucien Gaulard and John Dixon Gibbs were granted a patent for a secondary generator
placed in series to supply an ac arc lamp lighting system. The system, demonstrated in England in
1883 and Turin, Italy, in 1884 was not practical, but stimulated transformer development in several
countries [1].

Miksa Deri, Otto Blathy, and Karoly Zipernowski after seeing the lighting demonstration in Italy
made improvements and built transformers for parallel connection to a generator. Unlike the secondary
generator that had an open iron core, Deri, Blathy, and Zipernowski developed a transformer with a
closed iron core. In 1885, the lighting system was demonstrated at the Industrial Exhibition in Budapest.
Although manufacturing was expensive, the transformer functioned efficiently—low voltage drop and
low loss [2]. Similarly for England’s lighting system, Sebastian Ziani de Ferranti made improvements to
the transformer.

George Westinghouse, also impressed by the Gaulard and Gibbs lighting-system demonstration
in Italy, was encouraged by William Stanley to purchase the Gaulard and Gibbs transformer patents. In
1885, Stanley designed closed-core transformers subsequently modified by Oliver Shallenberger and
Albert Schmid making manufacturing of transformers easier and inexpensive, defining the basic
principles for transformer design. In 1886, Westinghouse and Stanley installed the first multivoltage
ac lighting system in North America. Driven by a 500-V generator, the transformer stepped up
voltage to 3000 V and stepped down to 100 V to supply electric lights in Great Barrington,
Massachusetts [1].

6.2 Transformer Taps

Transformers may be furnished with voltage taps in the high-voltage winding. Typically two taps above
and two taps below the rated voltage are provided, yielding a 10% total tap-voltage range [3,4].

6.3 Cooling Classes for Dry-Type Transformers

American and European cooling-class designations are indicated in Table 6.1. Cooling classes for dry-
type transformers are as follows [5,6]:

Ventilated—Ambient air may circulate, cooling the transformer core and windings

Nonventilated—No intentional circulation of external air through the transformer

Sealed—Self-cooled transformer with hermetically sealed tank

Self-cooled—Cooled by natural circulation of air

Force-air cooled—Cooled by forced circulation of air

Self-cooled/forced-air cooled—A rating with cooling by natural circulation of air and a rating with
cooling by forced circulation of air

TABLE 6.1 Cooling-Class Designation

Cooling Class IEEE Designation [7] IEC Designation [8]
Ventilated self-cooled AA AN
Ventilated forced-air cooled AFA AF
Ventilated self-cooled/forced-air cooled AA/FA ANAF
Nonventilated self-cooled ANV ANAN
Sealed self-cooled GA GNAN
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6.4 Winding Insulation
System

General practice is to seal or coat dry-type trans-
former windings with resin or varnish to provide
protection against adverse environmental condi-
tions that can cause degradation of transformer
windings. Insulating media for primary and
secondary windings are categorized as follows:

Cast coil—The winding is reinforced or placed
in a mold and cast in a resin under vacuum
pressure. Lower sound levels are realized as the
winding is encased in solid insulation. Filling
the winding with resin under vacuum pressure
eliminates voids that can cause corona. With a
solid insulation system, the winding has super-
ior mechanical and short-circuit strength and is
impervious to moisture and contaminants.

Vacuum-pressure encapsulated—The winding
is embedded in a resin under vacuum pres-
sure. Encapsulating the winding with resin

under vacuum pressure eliminates voids that FIGURE 6.1 A cast-resin encapsulated high-voltage
can cause corona. The winding has excellent (15 kV) coil for a 1500-kVA transformer. (Photo cour-
mechanical and short-circuit strength and tesy of ABB.)

provides protection against moisture and con-

taminants.

Vacuum-pressure impregnated—The winding is permeated in a varnish under vacuum pressure. An
impregnated winding provides protection against moisture and contaminants.

Coated—The winding is dipped in a varnish or resin. A coated winding provides some protection against
moisture and contaminants for application in moderate environments.

Two photographs of dry-type transformer assemblies are shown in Figure 6.1 and Figure 6.2.

6.5 Application

Nonventilated and sealed dry-type transformers are suitable for indoor and outdoor applications [6]. As
the winding is not in contact with the external air, it is suitable for applications, e.g., exposure to fumes,
vapors, dust, steam, salt spray, moisture, dripping water, rain, and snow.

Ventilated dry-type transformers are recommended only for dry environments unless designed with
additional environmental protection. External air-carrying contaminants or excessive moisture could
degrade winding insulation. Dust and dirt accumulation can reduce air circulation through the windings
[6]. Table 6.2 indicates transformer applications based on the process employed to protect the winding
insulation system from environmental conditions.

After receipt of a transformer, auxiliary components, e.g., fans, meters, instrument transformers, etc.,
should be inspected and any loose bolts or connectors tightened. Additionally for a sealed transformer, the
integrity of the tank pressure should be verified. Acceptance tests may include winding resistance test and
ratio test.

Before energizing the transformer, check operation of fans, motors, relays, and other auxiliary devices;
verify transformer tap and ratio connections; and check tightness and clearance of electrical connections.
For a sealed transformer, also verify integrity of tank pressure and pressure gauge. Testing prior to placing
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FIGURE 6.2 Three-phase 1500-kVA dry-type transformer, 15-kV-class primary, 600-V secondary. Three cooling
fans can be seen on the base, below the coils. (Photo courtesy of ABB.)

in service generally includes winding insulation resistance and ratio test; other tests such as winding
resistance, polarity and phase relation, and winding insulation power factor may also be performed.

6.6 Enclosures

All energized parts should be enclosed to prevent contact. Ventilated openings should be covered with
baffles, grills, or barriers to prevent entry of water, rain, snow, etc. The enclosure should be tamper
resistant. A means for effective grounding should be provided [9]. The enclosure should provide
protection suitable for the application, e.g., a weather- and corrosion-resistant enclosure for outdoor
installations.

TABLE 6.2 Transformer Applications

Winding Insulation System  Cast Coil ~ Encapsulated ~ Impregnated or Coated  Sealed Gas

Harsh environments® Yes Yes Yes Yes
Severe climates” Yes Yes Yes
Load cycling Yes Yes Yes Yes
Short circuit Yes Yes Yes Yes
Nonflammability Yes Yes Yes Yes
Outdoor Yes Yes Yes© Yes
Indoor Yes Yes Yes Yes

“Fumes, vapors, excessive or abrasive dust, steam, salt spray, moisture, or dripping water.
PExtreme heat or cold moisture.
“If designed for installation in dry environments.
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If not designed to be moisture resistant, ventilated and nonventilated dry-type transformers operating
in a high-moisture or high-humidity environments when deenergized should be kept dry to prevent
moisture ingress. Strip heaters can be installed to switch on the transformer manually or automatically
when the transformer is deenergized after shutdown, for maintaining temperature to a few degrees
above ambient temperature.

6.7 Operating Conditions

The specifier should inform the manufacturer of any unusual conditions to which the transformer will
be subjected. Dry-type transformers are designed for application under the usual operating conditions
indicated in Table 6.3.

Unusual operating conditions such as frequent short-time thermal overloading and operating voltage
in excess of rating should be specified to facilitate the manufacturer providing a transformer that
meets requirements for performance. Frequent short-duration loading subjects the transformer wind-
ing assembly to severe mechanical stress. Operating at excessive voltage can cause overexcitation;
transformer core saturation, and excessive stray losses can result in thermal overloading and high
audible sound levels. Sound level of transformers installed indoors can be reduced with installation of
sound-attenuating walls and vibrations reduced by use of isolation pads and flexible connections to
winding terminals.

Gas may condense in a gas-sealed transformer left deenergized for a significant period of time at low
ambient temperature. Supplemental heating may be required to vaporize the gas before energizing the
transformer [6].

6.8 Limits of Temperature Rise

Winding-temperature rise limits are chosen so that the transformer will experience normal life expect-
ancy for the given winding insulation system under usual operating conditions. Table 6.4 indicates the
limits of temperature rise for the thermal insulation systems most commonly applied. Operation at
rated load and loading above nameplate will result in normal life expectancy. A lower average winding-
temperature rise, 90°C rise for 180°C temperature class and 90°C or 115°C rise for 220°C temperature
class, may be designed providing increased life expectancy and additional capacity for loading above
nameplate rating.

TABLE 6.3 Usual Operating Conditions for Transformers [7]

Temperature of cooling air <40°C

24 h Average temperature of cooling air <30°C

Minimum ambient temperature >-30°C

Load current® Harmonic factor <0.05 per unit

Altitude® <3300 ft (1000 m)

Voltage® (without exceeding limiting temperature rise) * Rated output kVA at 105% rated secondary voltage,

power factor >0.80
* 110% rated secondary voltage at no load

*Any unusual load duty should be specified to the manufacturer.

At higher altitudes, the reduced air density decreases dielectric strength; it also increases temperature rise, reducing
capability to dissipate heat losses [7].

“Operating voltage in excess of rating may cause core saturation and excessive stray losses, which could result in overheating
and excessive noise levels [6,7].
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TABLE 6.4 Limits of Temperature Rise for Commonly Applied Thermal Insulation Systems

Winding Hottest-Spot Temperature Rise (°C) for Normal Life Expectancy

Insulation System Loading above Loading above

Temperature Continuous Operation Nameplate Rating Nameplate Rating Average Winding
Class (°C) at Rated Load [7] 30°C Ambient [10] 40°C Ambient Temperature Rise (°C) [7]
130 90 120 130 75

150 110 140 150 90

180 140 170 180 115

200 160 190 200 130

220 180 210 220 150

6.9 Transformer Loading

Dry-type transformers may be loaded above nameplate for short periods of time. Higher than normal
operating temperatures when loaded above nameplate rating or high ambient temperatures reduces life
expectancy. Refer to Table 6.4 for limits of temperature rise for operation at rated load and loading above
nameplate. Loading equations are as follows:

Equivalent load for any portion of the daily load cycle:

Lq =L+ Lt + -+ L2)/(h+ b+ + 1)) (6.1)
where
L2, 12, ..., L2 =the various load steps
t, ty ..., t, =the duration (generally 1 h increments) of the respective load steps

The 12-h period preceding peak loading is generally adequate for determining the initial equivalent load.
Calculations due to transient loading:
Initial winding hot spot temperature rise, °C:

Abys; = ABys,e (Li/L)™" (6.2)

where
Afbys, is winding hottest spot temperature rise at rated load
m is an empirical constant—0.8 for ventilated self-cooled, 0.7 for sealed self-cooled, and 1.0 for
forced-cooled windings
L; is the initial loading for time period
L, is rated nameplate loading

Winding hottest spot temperature rise due to transient loading, °C:
Abs = (AOs,y — Abs,) (1 — e /™) + Abys,; (6.3)
where
Abysy and Afys; are ultimate and initial winding hotspot temperatures, respectively
t is the time duration

7 is the winding time constant

Winding time constant at rated load:

Tr = (C AOI-IS,r/VVr) (64)
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where
W, = rated watts loss at 20°C
C =thermal capacity of the winding in watts-minutes per °C
C =0.106 weight of copper windings, or
=0.033 weight of core and coils
C =0.260 weight of aluminum windings, or
= 0.44 weight of core and coils

Winding time constant when m # 1:

7 = 7, [(ABus,u/Abns,r) — (ABus,i /ABxs,r)) / (ABgs,u /Abps, )™ — (ABys,i — Abus,)'™]  (6.5)

Winding hottest spot temperature due to transient loading, °C:

Ons = 04 + Afys (6.6)

where 6, is ambient temperature in °C.

6.10 Accessories

The winding-temperature indicator can be furnished with a thermal relay with contacts for starting fans,
providing indication and/or alarm of winding temperature approaching or exceeding maximum
operating limits, or for disconnecting the transformer.

For sealed dry-type transformers, a gas-pressure switch can be furnished with contacts to provide
indication and/or alarm of gas-pressure deviation from recommended range of operating pressure.

6.11 Fault Protection

Limiting exposure time to thermal and mechanical stresses from external faults requires coordination of
transformer short-circuit withstand capability and the protective device’s time-current characteristics.
When transformer through-faults occur infrequently, only the effect of thermal stress is considered for
elevated temperature within acceptable time limits. When transformer through-faults occur frequently,
both thermal and mechanical stresses are considered since the cumulative effect of mechanical stresses
can result in damage to the transformer [11].

Where fuses are installed, maximum transformer protection is provided with tight fusing (i.e., low
fusing ratio), which also coordinates better with source side protection. However, where lightning-
induced voltages are of primary concern, overvoltage protection is provided by larger fuse ratings that
also limit nuisance operations. In addition to thermal and mechanical fault protection, fusing and
protective relaying provide protection against electrical faults [12].

Transformer primary-fuses provide overcurrent protection for external faults and limited protection
for internal faults on transformers less than 10 MVA. Three-phase transformers require additional
protection for single-phasing fault conditions [13].

Overcurrent relaying provides protection from external faults. When a transformer is subjected to
many through-faults or auto-reclosing into line faults, overcurrent relaying with very inverse character-
istics provides faster fault clearing.

Percentage differential relaying provides protection from internal faults and is tolerant of mismatch
CT errors at high currents. The addition of harmonic restraint avoids nuisance tripping due to
transformer inrush and CT saturation.

Ground fault relaying provides protection from single phase-to-ground faults on the transformer
secondary.
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TABLE 6.5 Transformer BILs [7]

Nominal System Voltage BIL (kV)
1,200 and lower 10
2,500 20
5,000 30
8,700 45

15,000 60

25,000 110

34,500 150

6.12 Surge Protection

For transformers with exposure to lightning or other voltage surges, protective surge arresters should
be coordinated with transformer basic lightning impulse insulation level (BIL). The lead length
connecting transformer bushing to arrester—and arrester ground to neutral—should be of minimum
length to eliminate inductive voltage drop in the ground lead and ground current [14]. Table 6.5
provides transformer BILs corresponding to nominal system voltage. Lower BILs can be applied
where surge arresters provide appropriate protection. At 25 kV and above, higher BILs may be required
due to exposure to overvoltage or for a higher protective margin [7].

6.13 Harmonics

Stray magnetic flux results in losses in the windings, core, clamps, tanks, and other iron parts. As winding
eddy current loss is proportional to the square of the load current and square of the frequency, excessive
winding loss can cause an abnormal rise in winding temperature. Winding temperature rise in dry-type
transformers is more sensitive to the magnitude and distribution of eddy current loss within the winding;
eddy current loss in the core, clamps, tank, etc., does not affect winding-temperature rise [15]. The
harmonic-loss factor indicates the effect of nonsinusoidal load current on temperature rise for determin-
ation of transformer-loading capability [16]. Nonsinusoidal load current may have a dc component that
increases core loss slightly, but increases excitation current and audible sound more significantly [17].

6.14 Dry-Type Transformer Maintenance

Maintenance efforts can be minimized by attentiveness to installation. Adequate clearance from walls,
obstructions, and other equipment permit unrestricted access for maintenance. Adequate ventilation is
essential for proper cooling. Restricted natural airflow may necessitate adding ventilation to maintain
efficient cooling of indoor transformers.

The frequency of transformer inspection depends upon operating conditions. Inspection mainly
consists of visual observations including:

+ Accumulated dust or dirt on windings, insulating surfaces, any visible portions of internal coil-
cooling ducts, louvers, and screens

Overheating, tracking, carbonization or cracks of insulation and insulators; and chipped insulators
* Arcing or overheating of core laminations

+ Corroded or loose connections

Condition of tap changers and terminal boards

* Rusting, corroding, or deterioration of painted surfaces
Deterioration of isolation dampers

Condition of fans, motors, and other auxiliary devices
*+ Adequacy of ventilation
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The transformer should be deenergized and grounded in accordance with established safety procedures
before removing side panels. Excessive dust or residues on windings and insulators should be removed
with particular attention to the top and bottom ends of winding assemblies and ventilation ducts to
permit natural air circulation and reduce the possibility of insulation breakdown.

Dust should be vacuumed away; then insulating surfaces should be cleaned with dry, lint-free rags or

soft bristled brushes. Use of solvents or detergents is not recommended as they may accelerate insulation
deterioration and may leave residues attracting dust and contaminants. Dust in inaccessible areas not

removed by vacuuming, can be blown clear using compressed air or nitrogen with dew point of —50°F

or

less and pressure regulated at or below 25 psi [18].
In addition to visual inspection, maintenance may include one or more of the following diagnostics [19]:

Infrared inspection—Ambient temperature and loading at time of inspection should be recorded.
Examine insulators, connection components, and all sides of the enclosure for determining normal
operating temperature. A comparison of phases will indicate a uniform temperature pattern if
loading is balanced. Record any temperature rise >10°C above normal. Significant rise in tempera-
ture is a cause for investigation [20].

Winding insulation resistance—The significance of recorded readings is dependent upon transformer
design, and insulation dryness and cleanliness. When insulation resistance is measured, the trend
should be plotted, necessitating all measurements to be made at the same voltage. Substantial
variation in the plotted values is a cause for investigation.

Insulation power factor—The insulation power factor of different transformer vintages and manu-
facturers varies over a wide range necessitating establishment of a baseline for each transformer
with trending and analysis of data for significant variations.

Turns ratio—The measured transformer turns ratio should be within 0.5% of the calculated ratio.
Ratios outside this limit may indicate winding damage.

Audible sound—Significant changes in sound characteristic as well as sound level may indicate loose
clamping hardware, defective vibration isolators, transformer overexcitation, or possible damage to
winding insulation.
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This section covers the fundamental basics and theory of operation of instrument transformers.
Common types of instrument transformers and construction highlights will be discussed. Application
features and characteristics of instrument transformers will be covered without providing details of
three-phase circuit fundamentals, fault analysis, or the operation and selection of protective devices and
measuring instruments. Though incomplete, this section covers the common practices used in industry
over the last 30 years.

7.1 Overview

Instrument transformers are primarily used to provide isolation between the main primary circuit and
the secondary control and measuring devices. This isolation is achieved by magnetically coupling the
two circuits. In addition to isolation, levels in magnitude are reduced to safer levels.

Instrument transformers are divided into two categories: voltage transformers (VT) and current trans-
formers (CT). The primary winding of the VT is connected in parallel with the monitored circuit, while the
primary winding of the CT is connected in series (see Figure 7.1). The secondary windings proportionally
transform the primary levels to typical values of 120 V and 5 A. Monitoring devices such as wattmeters,
power-factor meters, voltmeters, ammeters, and relays are often connected to the secondary circuits.
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FIGURE 7.1 Typical wiring and single-line diagram.

7.2 Transformer Basics

An ideal transformer (see Figure 7.2) magnetically induces from the primary circuit a level exactly
proportional to the turns ratio into the secondary circuit and exactly opposite in phase, regardless of the
changes occurring in the primary circuit. A review of the general relationships of the ideal case yields the
transformation ratio

Vp/Vs = Np/Ng (7.1)

and the law of conservation of energy yields

Vp I, = Vs Ig (7.2)
Ip Np = I Ng (7.3)
where
Vp = primary-terminal voltage
Vs = secondary-terminal voltage
Ip =primary current
Is =secondary current
Np = primary turns
Ny = secondary turns
Np:Ns
H1 P X1
Ip Is
Primary Secondary
° turns turns Vs z
Np Ns
H2 X2

FIGURE 7.2 Ideal transformer.
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7.2.1 Core Design

In practice, the use of steel core material is a major factor in forcing the transformer to deviate from the
ideal. The available core steels offer differing properties around which to design. The most common type
of steel used is electrical-grade silicon-iron. This material offers low losses at high flux densities, but it
has low initial permeability. Exotic materials, such as nickel-iron, offer high initial permeability and low
losses, but they have much lower saturation levels. These exotics are often used when extremely high
accuracy is desired, but they are cost prohibitive in standard products. A typical excitation characteristic
for instrument transformers is shown in Figure 7.3. There are three areas of interest: the ankle region, the
knee point, and saturation. The ankle region is at the lowest permeability and flux levels. Due to the
uncertainties in this region, performance will deviate from core to core. Steel manufacturers never
guarantee performance in this region. As a result, the manufacturer must have tight control over its
annealing process. The exotic core steels have a well-defined characteristic as low as 0.001 T. The knee
represents the maximum permeability and is the beginning of the saturation zone. The area between the
ankle and the knee is the linear portion, where performance is predictable and repeatable. Saturation is
the point at which no additional flux enters the core.

There are occasions when the designer would like the benefits of both silicon-iron and nickel-iron.
A core using two or more different types of steel is called a composite core. The ratio of each depends on
the properties desired and the overall cost. The most commonly used of the nickel-iron family are
the 49% and 80% varieties. Table 7.1 shows some typical characteristics as well as some trade names.
Figure 7.4 demonstrates how two cores of equal turns, area, and magnetic path are added to become one.
The voltages will add, and the net saturation flux is the sum of one half of the individual saturation
density of each core, i.e., ¥2 1.960 4+ % 0.760 = 1.360 T.

Steel type and lamination thickness are additional factors in reducing losses. Other materials, such as
noncrystalline or amorphous metals, offer lower losses but are difficult to fabricate. However, new
developments in processing are improving steel quality. New compositions that claim to perform like
nickel—at a fraction of its cost—are now surfacing. But regardless of the improvement offered by these
materials, there are some inherent properties that must be overcome:

0.0001 0.001 0.01 0.1 1.0 10
10
Si—F
i — Fe core 1 Bsat
I L L - — Bknee
1.0 E 7 Bsat Si-Fe
Ni — Fe core: —
®© L0 T T 1 7’12 T Bi.(nee
2 pAy; 7 Ni-Fe
| A
/|
5 o LA :
© P4 V4
3 7
B 7 ya
= P 4 W'Si — Fe gapped core
4 Y Il
0.01 L LY A Ankle
=== region
/ % i Air
001 =4 7
0.0001 0.001 0.01 0.1 1.0 10

Exciting force — ampere turns per cm

FIGURE 7.3 Typical characteristic curve.
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TABLE 7.1 Core Materials

Initial Maximum
Saturation Permeability, Permeability,
Material (0.009-0.014 in.) Density, T w @0.004 T nw@T Trade Names
80% Ni/Fe/Mo 0.760 35,000 150 k @ 0.4T SuperPerm 80"
Hymu 80 Mu-Metal”
4-79 Permalloy®
49% Ni/Fe/Mo 1.200 5,000 60k @04 T Super Perm 49°
High Perm 49°
48-Ni
4750°
3% Si/Fe - M3 1.900 8,000 51k@1.15T Microsil®
Silectron?
Oriented T-S°
Hipersil*
3% Si/Fe — M4 1.900 7,200 48k@1.15T
3% Si/Fe — M6 1.900 6,700 40k@1.15T
“Magnetic Metals Co.
bAllegheny Ludlum Steel.
“Carpenter Steel.
9Arnold Engineering.
€Armco (now AK Steel).
Max. flux
100 density
tesla
Si— Fe + Ni — Fe core $136
= 1.96
pd Si - Fe core
L/ / Ni _ Fe cord
® 10 / = 0.76
=
o A
o VAR 4 /
> A1 7 4
3 // /
£ /) /
|y avi
w 1.0 7 7
/1
y4 / /
/|
v
yARRV{lIV4
/ /1A
0.1 A1/

0.001 0.01 0.1 1.0 10
Exciting current — amperes RMS

FIGURE 7.4 Typical composite core.

1. Some portion of the primary energy is required to establish the magnetic flux that is required to
induce the secondary winding.

2. The magnetization of the core is nonlinear in nature.
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From statement 1, the primary energy required to magnetize the core is a product of the flux in the core
and the magnetic reluctance of the core. This energy is called the magnetomotive force, mmf, and is
defined as follows:

mmf = $R = k {@} k [mmp] = kk [M} (7.4)
Nsf] " [Acke NsfAcpc
where
¢  =flux in the core
R =magnetic reluctance
k,  =constant of proportionality
k, = constant of proportionality
Z; =secondary impedance
mmp = core mean magnetic path
I,  =secondary current
Ac = core cross-sectional area
N; =number of secondary turns
e = permeability of core material
f  =frequency, Hz

The magnetic reluctance, in terms of Ohm’s law, is analogous to resistance and is a function of
the core type used. An annular or toroidal core, one that is a continuous tape-wound core, has the least
amount of reluctance. A core with a straight cut through all of its laminations, thereby creating a
gap, exhibits high reluctance. Minimizing gaps in core constructions reduces reluctance. Figure 7.5
shows some of the more common core and winding arrangements. Generally—after the steel material
is cut, stamped, or wound—it undergoes a stress-relief anneal to restore the magnetic properties that
may have been altered during fabrication. After the annealing process, the core is constructed and
insulated.

From statement 2, the core permeability, p.c, changes with flux density, ¢/Ac. Neglecting leakage flux,
we can now see the error-producing elements. From Equation 7.4, an increase in any of the elements in
the denominator will decrease errors, while an increase in Zg and mmf will increase errors.

There are also other contributing factors that, based on the construction of the instrument trans-
former, can introduce errors. The resistance of the windings, typically of copper wire and/or foil,
introduces voltage drops (see Figure 7.6). Moreover, the physical geometry and arrangement of the
windings—with respect to each other and the core—can introduce inductance and, sometimes, capaci-
tance, which has an effect on magnetic leakage, reducing the flux linkage from the primary circuit
and affecting performance. A winding utilizing all of its magnetic path will have the lowest reactance.
Figure 7.5 shows some typical winding arrangements and leakage paths.

Figure 7.6 illustrates an equivalent transformer circuit,

where
Vp, Vs = primary- and secondary-terminal voltage
Ep, Es = primary- and secondary-induced voltage
Ip, I =primary and secondary current
Np, Ng = primary and secondary turns
Rp, Rg = primary- and secondary-winding resistance
Xp, Xg = primary- and secondary-winding reactance

R.x = wattful magnetizing component
Z =secondary burden (load)

Xex = wattless magnetizing component
Tex = magnetizing current
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Leakage flux

FIGURE 7.5 Typical core and winding arrangements. (a) Tape-wound toroidal core with fully distributed winding.
Note the absence of leakage flux, which exists but is considered to be negligible. Sensitivity to primary-conductor
position is also negligible. The primary can also consist of several turns. (b) Cut core with winding partially
distributed. Leakage flux, in this case, depends on the location of the primary conductor. As the conductor moves
closer to the top of the core, the leakage flux increases. (c¢) Distributed-gap core with winding distributed on one leg
only. This type has high leakage flux but good coupling, since the primary and secondary windings occupy the same
winding space. (d) Laminated “El” core, shell-type. This type has high leakage flux, since a major portion of
magnetic domains are against the direction of the flux path. The orientation is not all in the same direction, as it is
with a tape-wound core.

Np:Ns
H1 X1
O ——
Ip Rp Xp lex Is Rs Xs
Np Ns C)
Ep z
@ Rex Xex <>
H2 X2

FIGURE 7.6 Equivalent transformer circuit.
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Those factors not directly related to construction would be (1) elements introduced from the primary
circuit, such as harmonics, that account for hysteresis and eddy-current losses in the core material and
(2) fault conditions that can cause magnetic saturation. Most all can be compensated for by careful
selection of core and winding type. It is also possible to offset error by adjusting turns on one of the
windings, preferably the one with the higher number of turns, which will provide better control. It is also
possible to compensate using external means, such as resistance capacitance and inductance (RCL)
networks, but this limits the transformer to operation to a specific load and can have adverse effects over
the operating range.

7.2.2 Burdens

The burden of the instrument transformer is considered to be everything connected externally to its
terminals, such as monitoring devices, relays, and pilot wiring. The impedance values of each compon-
ent, which can be obtained from manufacturer data sheets, should be added algebraically to determine
the total load. The units of measurement must be the same and in the rectangular form R + jX. Table 7.2
shows typical ranges of burdens for various devices used.

For the purpose of establishing a uniform basis of test, a series of standard burdens has been defined
for calibrating VTs and CTs. The burdens are inductive and designated in terms of VA. All are based on
120 Vand 5 A at 60 Hz. They can be found in Table 7.3.

7.2.3 Relative Polarity

The instantaneous relative polarity of instrument transformers may be critical for proper operation in
metering and protection schemes. The basic convention is that as current flows into the H1 terminal it
flows out of the X1 terminal, making this polarity subtractive. These terminals are identified on the
transformer by name and/or a white dot.

7.2.4 Industry Standards

In the U.S,, the utility industry relies heavily on IEEE C57.13, Requirements for Instrument Transformers.
This standard establishes the basis for the test and manufacture of all instrument transformers used
in this country. It defines the parameters for insulation class and accuracy class. The burdens listed in
Table 7.3 are defined in IEEE C57.13. Often, standards for other electrical apparatus that may use instru-
ment transformers have adopted their own criteria based on IEEE C57.13. These standards, along with
utility practices and the National Electric Code, are used in conjunction with each other to ensure
maximum safety and system reliability. The industrial market may also coordinate with Underwriters
Laboratories. As the marketplace becomes global, there is a drive for standard harmonization with the

TABLE 7.2 Typical Burden Values for Common Devices

Voltage Transformers Current Transformers
Device Burden, VA Power Factor Burden, VA Power Factor
Voltmeter 0.1-20 0.7-1.0 — —
Ammeter — — 0.1-15 0.4-1.0
Wattmeter 1-20 0.3-1.0 0.5-25 0.2-1.0
P.E. meter 3-25 0.8-1.0 2-6 0.5-0.95
Frequency meter 1-50 0.7-1.0 — —
kW - h meter 2-50 0.5-1.0 0.25-3 0.4-0.95
Relays 0.1-50 0.3-1.0 0.1-150 0.3-1.0
Regulator 50-100 0.5-0.9 10-180 0.5-0.95
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TABLE 7.3 Standard Metering and Relaying Class Burdens

Voltage Transformers Current Transformers

Typical Use Burden Code Burden, VA Power Factor Burden Code Burden, VA Power Factor

Metering A 12.5 0.1 BO.1 2.5 0.9
Metering X 25 0.7 B0.2 5 0.9
Metering M 35 0.2 B0.5 12.5 0.9
Metering — — — B0.9 22,5 0.9
Metering — — — B1.8 45 0.9
Relaying Y 75 0.85 B1.0 25 0.5
Relaying Z 200 0.85 B2.0 50 0.5
Relaying 77 400 0.85 B4.0 100 0.5
Relaying — — — B8.0 200 0.5

TABLE 7.4 Instrument Transformer Standards

Country CT Standard VT Standard

U.S. IEEE C57.13 IEEE C57.13

Canada CAN-C13-M83 CAN-C13-M83

IEC 60044-1 (formerly 185) 60044-2 (formerly 186)
U.K. BS 3938 BS 3941

Australia AS 1675 AS 1243

Japan JIS C 1731 JIS C 1731

International Electrotechnical Commission (IEC), but we are not quite there yet. It is important to know
the international standards in use, and these are listed in Table 7.4. Most major countries originally
developed their own standards. Today, many are beginning to adopt IEC standards to supersede their own.

7.2.5 Accuracy Classes

Instrument transformers are rated by performance in conjunction with a secondary burden. As the
burden increases, the accuracy class may, in fact, decrease. For revenue-metering use, the coordinates
of ratio error and phase error must lie within a prescribed parallelogram, as seen in Figure 7.7 and
Figure 7.8 for VTs and CTs, respectively. This parallelogram is based on a 0.6 system power factor (PF).
The ratio error (RE) is converted into a ratio correction factor (RCF), which is simply

RCF = 1 — (RE/100) (7.5)

The total-error component is the transformer correction factor (TCF), which is the combined ratio and
phase-angle error. The limits of phase-angle error are determined from the following relationship:

(7.6)

PA
TCF = RCF + {ﬂ}

3438

where
TCF = transformer correction factor
RCF =ratio correction factor
PA  =phase-angle error, min
6 = supply-system PF angle
+  =for VTs only (see Figure 7.7)
—  =for CTs only (see Figure 7.8)
3438 = minutes of angle in one radian

© 2006 by Taylor & Francis Group, LLC.



C57.13 — VT Parallelogram
TCF = RCF + (PA/2600)

1.014 e ~1.4%
1.012 1.2 Class -1.2%
1.010 -1.0%
1.008 —0.8%
& 1.006 6 Class ~0.6%
T
~ \ \ o,
5 1.004 AN | 10.3 Class —0.4%
§ 1.002 N-FR ek ~0.2%
5 1.000 NHR — 0
S 0998 A\ v\ +0.2%
3 \
; 0.996 \ \ +0.4%
8 0.994 +0.6%
0.992 +0.8%
0.990 +1.0%
0.988 +1.2%
0.986 +1.4%
O O O O O O o o o o O O O O O O
O N~ O O T O N — O T N O T 1 © N~ ©
| | | | | | | | + + + + + + + +
Phase angle error — minutes
FIGURE 7.7 Accuracy coordinates for VTs.
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FIGURE 7.8 Accuracy coordinates for CTs.
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Therefore, using 0.6 system power factor (8 =53°) and substituting in Equation 7.6, the relationship
for VTs is

TCF = RCF + (PA/2600) (7.7)
and for CTs is
TCF = RCF — (PA/2600) (7.8)

The TCF is mainly applied when the instrument transformer is being used to measure energy usage.
From Table 7.5, the limits of TCF are also the same as RCF. A negative RE will yield an RCF > 1, while a
positive RE will yield an RCF < 1. The “adopted” class in Table 7.5 is extrapolated from these
relationships and is recognized in industry.

The accuracy-class limits of the CT apply to the errors at 100% of rated current up through the rating
factor of the CT. At 10% of rated current, the error limits permitted are twice that of the 100% class.
There is no defined requirement for the current range between 10% and 100%, nor is there any
requirement below 10%. There are certain instances in which the user is concerned about the errors
at 5% and will rely on the manufacturer’s guidance. Because of the nonlinearity in the core and the ankle
region, the errors at low flux densities are exponential. As the current and flux density increase, the
errors become linear up until the core is driven into saturation, at which point the errors increase at a
tremendous rate (see Figure 7.9).

Trends today are driving accuracy classes to 0.15%. Although not yet recognized by IEEE C57.13,
manufacturers and utilities are establishing acceptable guidelines that may soon become part of the
standard. With much cogeneration, the need to meter at extremely low currents with the same CT used
for regular loads has forced extended-range performance to be constant from rating factor down to 1%
of rated current. This is quite a deviation from the traditional class.

In the case of the VT, the accuracy-class range is between 90% and 110% of rated voltage for each
designated burden. Unlike the CT, the accuracy class is maintained throughout the entire range. The
manufacturer will provide test data at 100% rated voltage, but it can furnish test data at other levels if
required by the end user. The response is somewhat linear over a long range below 90%. Since the
normal operating flux densities are much higher than in the CT, saturation will occur much sooner at
voltages above 110%, depending on the overvoltage rating.

Protection, or relay class, is based on the instrument transformer’s performance at some defined fault
level. In VTs it may also be associated with an under- and overvoltage condition. In this case, the VT may
have errors as high as 5% at levels as low as 5% of rated voltage and at the VT overvoltage rating. In CTs,
the accuracy is based on a terminal voltage developed at 20 times nominal rated current. The limits of
RCF are 0.90 to 1.10, or 10% RE from nominal through 20 times nominal. This applies to rated burden
or any burden less than rated burden.

TABLE 7.5 Accuracy Classes

Accuracy Class RCF Range Phase Range, min TCF Range

New 0.15 1.0015-0.9985 +7.8 1.0015-0.9985
IEEE C57.13 0.3 1.003-0.997 +15.6 1.003-0.997
IEEE C57.13 0.6 1.006-0.994 +31.2 1.006-0.994
IEEE C57.13 1.2 1.012-0.988 +62.4 1.012-0.988
IEEE C57.13 2.4 1.024-0.976 +124.8 1.024-0.976
Adopted 4.8 1.048-0.952 +249.6 1.048-0.952
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FIGURE 7.9 CT RCF characteristic curve.

7.2.6 Insulation Systems

The insulation system is one of the most important features of the instrument transformer, establishing
its construction, the insulation medium, and the unit’s overall physical size. The insulation system is
determined by three major criteria: dielectric requirements, thermal requirements, and environmental
requirements.

Dielectric requirements are based on the source voltage to which the instrument transformer will be
connected. This source will define voltage-withstand levels and basic impulse-insulation levels (BIL). In
some cases, the instrument transformer may have to satisfy higher levels, depending on the equipment
with which they are used. Equipment such as power switchgear and isolated-phase bus, for instance, use
instrument transformers within their assembly, but they have test requirements that differ from
the instrument-transformer standard. It is not uncommon to require a higher BIL class for use in a
highly polluted environment. See Table 7.6A and Table 7.6B.

Environmental requirements will help define the insulation medium. In indoor applications, the
instrument transformer is protected from external weather elements. In outdoor installations, the
transformer must endure all weather conditions from extremely low temperatures to severe UV
radiation and be impervious to moisture penetration. The outer protection can range from fabric or
polyester tape, varnish treatment, or thermoplastic housings to molding compounds, porcelain, or metal
enclosures. Table 7.7 identifies, by voltage rating, the commonly used materials and construction types.

All installations above 69 kV are typically for outdoor service and are of the tank/oil/SF¢/porcelain
construction type.

7.2.7 Thermal Ratings

An important part of the insulation system is the temperature class. For instrument transformers, only
three classes are generally defined in the standard, and these are listed in Table 7.8A. This rating is
coordinated with the maximum continuous current flow allowable in the instrument transformer
that will limit the winding heat rise accordingly. Of course, other classes can be used to fit the applica-
tion, especially if the instrument transformer is part of an apparatus that has a higher temperature
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TABLE 7.6A Low- and Medium-Voltage Dielectric Requirements

Instrument Transformers (IEEE C57.13)

Other Equipment Standards®

Class, kV BIL, kV Withstand Voltage, kV BIL, kV Withstand Voltage, kV
0.6 10 4 — 2.2
1.2 30 10 — —
2.4 45 15 — —
5.0 60 19 60 19
8.7 75 26 75/95 26/36
15.0 95/110 34 95/110 36/50
25.0 125/150 40/50 125/150 60
34.5 200 70 150 80
46 250 95 — —
69 350 140 350 160

*IEEE C37.06, C37.20.1, C37.20.2, C37.20.3, C37.23.

TABLE 7.6B High-Voltage Dielectric Requirements

Instrument Transformers (IEEE C57.13)

Other Equipment Standards (IEEE C37.06)

Class, kV BIL, kV Withstand Voltage, kV BIL, kV Withstand Voltage, kV
115 450/550 185/230 550 215/260

138 650 275 650 310

161 750 325 750 365

230 900/1050 395/460 900 425

345 1300 575 1300 555

500 1675/1800 750/800 1800 860

765 2050 920 2050 960

class, e.g., when used under hot transformer oil or within switchgear, bus compartments, and under-
ground network devices, where ambient temperatures can be 65 to 105°C. In these cases, a modest
temperature rise can change the insulation-system rating. These apply to the instrument transformer
under the most extreme continuous conditions for which it is rated. The insulation system used must be
coordinated within its designated temperature class (Table 7.8B). It is not uncommon for users to
specify a higher insulation system even though the unit will never operate at that level. This may offer a

more robust unit at a higher price than normally required, but can also provide peace of mind.

TABLE 7.7 Materials/Construction for Low- and Medium-Voltage Classes

Class, kV Indoor Applications Materials/Construction

Outdoor Applications Materials/Construction

0.6 Tape, varnished, plastic, cast, or potted
1.2-5.0 Plastic, cast

8.7 Cast

15.0 Cast

25.0 Cast

34.5 Cast

46 Not commonly offered

69 Not commonly offered

Cast or potted

Cast

Cast

Cast or tank/oil/porcelain
Cast or tank/oil/porcelain
Cast or tank/oil/porcelain
Cast or tank/oil/porcelain
Cast or tank/oil/porcelain

Note: the term cast can imply any polymeric material, e.g., butyl rubber, epoxy, urethane, etc. Potted implies
that the unit is embedded in a metallic housing with a casting material.
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TABLE 7.8A Temperature Class (IEEE C57.13)

30°C Ambient 55°C Ambient

Temperature Hot-Spot Temperature
Temperature Class Rise Temperature Rise Rise
105°C 55°C 65°C 30°C
120°C 65°C 80°C 40°C
150°C 80°C 110°C 55°C
TABLE 7.8B Temperature Class (General)
Temperature Hot-Spot Temperature Rise @ 30°C
Class Ambient (40°C Maximum)
Class 90 (O) 50°C
Class 105 (A) 65°C
Class 130 (B) 90°C
Class 155 (F) 115°C
Class 180 (H) 140°C
Class 220 (C) 180°C

7.2.8 Primary Winding

The primary winding is subjected to the same dynamic and thermal stresses as the rest of the primary
system when large short-circuit currents and voltage transients are present. It must be sized to safely
carry the maximum continuous current without exceeding the insulation system’s temperature class.

7.3 Voltage Transformer

The voltage transformer (VT) is connected in parallel with the circuit to be monitored. It operates under
the same principles as power transformers, the significant differences being power capability, size,
operating flux levels, and compensation. VTs are not typically used to supply raw power; however,
they do have limited power ratings. They can often be used to supply temporary 120-V service for light-
duty maintenance purposes where supply voltage normally would not otherwise be available. In
switchgear compartments, they may be used to drive motors that open and close circuit breakers.
In voltage regulators, they may power a tap-changing drive motor. The power ranges are from 500 VA
and less for low-voltage VT, 1-3 kVA for medium-voltage VT, and 3-5 kVA for high-voltage VT. Since
they have such low power ratings, their physical size is much smaller. The performance characteristics of
the VT are based on standard burdens and power factors, which are not always the same as the actual
connected burden. It is possible to predict, graphically, the anticipated performance when given at least
two reference points. Manufacturers typically provide this data with each VT produced. From that, one
can construct what is often referred to as the VT circle diagram, or fan curve, shown in Figure 7.10.
Knowing the ratio-error and phase-error coordinates, and the values of standard burdens, the graph can
be produced to scale in terms of VA and power factor. Other power-factor lines can be inserted to
pinpoint actual circuit conditions. Performance can also be calculated using the same phasor concept by
the following relationships, provided that the value of the unknown burden is less than the known
burden. Two coordinates must be known: at zero and at one other standard burden value.

RCF, = {%} [(RCF; — RCEFy) cos (8; — 0x) + (v, — o) sin (6; — 6,)] (7.9)
Y = [%} [(v; — Vo) cos (6, — B5) — (RCF; — RCFy) sin (6; — 6y)] (7.10)
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FIGURE 7.10 Voltage transformer circle diagram (fan curves).

where
RCF, = RCF of new burden
RCF, = RCF of known burden
RCF, = RCF at zero burden

Yx  =phase error of new burden, radians (to obtain vy, in minutes, multiply value from
Equation 7.7 by 3438)

v¢ = phase error of known burden, radians

Yo = phase error at zero burden, radians

B, =new burden

B, =known burden

0,  =new burden PF angle, radians

0,  =known burden PF angle, radians

7.3.1 Overvoltage Ratings

The operating flux density is much lower than in a power transformer. This is to help minimize the
losses and to prevent the VT from possible overheating during overvoltage conditions. VTs are normally
designed to withstand 110% rated voltage continuously unless otherwise designated. IEEE C57.13
divides VTs into groups based on voltage and application. Group 1 includes those intended for line-
to-line or line-to-ground connection and are rated 125%. Group 3 is for units with line-to-ground
connection only and with two secondary windings. They are designed to withstand 173% of rated
voltage for 1 min, except for those rated 230 kV and above, which must withstand 140% for the same
duration. Group 4 is for line-to-ground connections with 125% in emergency conditions. Group 5 is for
line-to-ground connections with 140% rating for 1 min. Other standards have more stringent require-
ments, such as the Canadian standard, which defines its Group 3 VTs for line-to-ground connection on
ungrounded systems to withstand 190% for 30 sec to 8 h, depending on ground-fault protection. This
also falls in line with the IEC standard.
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7.3.2 VT Compensation

The high-voltage windings are always compensated to provide the widest range of performance within
an accuracy class. Since there is compensation, the actual turns ratio will vary from the rated-voltage
ratio. For example, say a 7200:120-V, 60:1 ratio is required to meet 0.3 class. The designer may desire
to adjust the primary turns by 0.3% by removing them from the nominal turns, thus reducing the
actual turns ratio to, say 59.82:1. This will position the no-load (zero burden) point to the bottommost
part of the parallelogram, as shown in Figure 7.10. Adjustment of turns has little to no effect on the
phase-angle error.

7.3.3 Short-Circuit Operation

Under no normal circumstance is the VT secondary to be short-circuited. The VT must be able to
withstand mechanical and thermal stresses for 1 sec with full voltage applied to the primary terminals
without suffering damage. In most situations, this condition would cause some protective device to
operate and remove the applied voltage, hopefully in less than 1 sec. If prolonged, the temperature rise
would far exceed the insulation limits, and the axial and radial forces on the windings would cause severe
damage to the VT.

7.3.4 VT Connections

VTs are provided in two arrangements: dual or two-bushing type and single-bushing type. Two-bushing
types are designed for line-to-line connection, but in most cases can be connected line-to-ground with
reduced output voltage. Single-bushing types are strictly for line-to-ground connection. The VT should
never be connected to a system that is higher than its rated terminal voltage. As for the connection
between phases, polarity must always be observed. Low- and medium-voltage VTs may be configured in
delta or wye. As the system voltages exceed 69 kV, only single-bushing types are available. Precautions
must be taken when connecting VT primaries in wye on an ungrounded system. (This is discussed
further in Section 7.3.5, Ferroresonance.) Primary fusing is always recommended. Indoor switchgear
types are often available with fuse holders mounted directly on the VT body.

7.3.5 Ferroresonance

VTs with wye-connected primaries on three-wire systems that are ungrounded can resonate with the
distributed line-to-ground capacitance (see Figure 7.11). Under balanced conditions, line-to-ground
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FIGURE 7.11 VTs wye-connected on ungrounded system.
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voltages are normal. Momentary ground faults or switching surges can upset the balance and raise
the line-to-ground voltage above normal. This condition can initiate a resonant oscillation between the
primary windings and the system capacitance to ground, since they are effectively in parallel with
each other. Higher current flows in the primary windings due to fluctuating saturation, which can
cause overheating. The current levels may not be high enough to blow the primary fuses, since they
are generally sized for short-circuit protection and not thermal protection of the VT. Not every
disturbance will cause ferroresonance. This phenomenon depends on several factors:

+ Initial state of magnetic flux in the cores

+ Saturation characteristics (magnetizing impedance) of the VT
* Air-core inductance of the primary winding

* System circuit capacitance

One technique often used to protect the VT is to increase its loading resistance by (1) connecting a
resistive load to each of the secondaries individually or (2) connecting the secondaries in a delta-
configuration and inserting a load resistance in one corner of the delta. This resistance can be empirically
approximated by Equation 7.11,

Ryelta = (100 x Ly)/N? (7.11)

where
Ryerra = loading resistance, ohms
L, =VT primary inductance during saturation, mH
N =VT turns ratio, Np/Ng

This is not a fix-all solution, as ferroresonance may still occur, but this may reduce the chances of it
happening. The loading will have an effect on VT errors and may cause it to exceed 0.3%, but that is not
critical for this scheme, since it is seldom used for metering.

7.3.6 VT Construction

The electromagnetic wound-type VT is similar in construction to that of the power transformer. The
magnetic circuit is a core-type or shell-type arrangement, with the windings concentrically wound
on one leg of the core. A barrier is placed between the primary and secondary winding(s) to provide
adequate insulation for its voltage class. In low-voltage applications it is usually a two-winding
arrangement, but in medium- and high-voltage transformers, a third (tertiary) winding is often
added, isolated from the other windings. This provides more flexibility for using the same VT
in metering and protective purposes simultaneously. As mentioned previously, the VT is available in
single- or dual-bushing arrangements (Figure 7.12a,b,c). A single bushing has one lead accessible
for connection to the high-voltage conductor, while the other side of the winding is grounded.
The grounded terminal (H2) may be accessible somewhere on the VT body near the base plate. There
is usually a grounding strap connected from it to the base, and it can be removed to conduct field
power-factor tests. In service, the strap must always be connected to ground. Some medium-voltage
transformers are solidly grounded and have no H2 terminal access. The dual-bushing arrange-
ment has two live terminal connections, and both are fully rated for the voltage to which it is to be
connected.

7.3.7 Capacitive-Coupled Voltage Transformer

The capacitive-coupled voltage transformer (CCVT) is primarily a capacitance voltage divider and
electromagnetic VT combined. Developed in the early 1920s, it was used to couple telephone carrier
current with the high-voltage transmission lines. The next decade brought a capacitive tap on many

© 2006 by Taylor & Francis Group, LLC.



FIGURE 7.12 (a) 15-kV dual-bushing outdoor VT, (b) 242-kV single-bushing VT, (c) 69-kV single-bushing VT.

(Photos courtesy of Kuhlman Electric Corp.)

high-voltage bushings, extending its use for indication and relaying. To provide sufficient energy, the
divider output had to be relatively high, typically 11 kV. This necessitated the need for an electromag-
netic VT to step the voltage down to 120 V. A tuning reactor was used to increase energy transfer
(see Figure 7.13). As transmission voltage levels increased, so did the use of CCVTs. Its traditional low
cost versus the conventional VT, and the fact that it was nearly impervious to ferroresonance due to its

low flux density, made it an ideal choice. It proved to be quite stable for protective purposes, but it was

not adequate for revenue metering. In fact, the accuracy has
been known to drift over time and temperature ranges. This
would often warrant the need for routine maintenance.
CCVTs are commonly used in 345- to 500-kV systems.
Improvements have been made to better stabilize the out-
put, but their popularity has declined.

Another consideration with CCVTs is their transient
response. When a fault reduces the line voltage, the second-
ary output does not respond instantaneously due to the
energy-storing elements. The higher the capacitance, the
lower is the magnitude of the transient response. Another
element is the ferroresonance-suppression circuit, usually
on the secondary side of the VT. There are two types, active
and passive. Active circuits, which also contain energy-
storing components, add to the transient. Passive circuits
have little effect on transients. The concern of the transient
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response is with distance relaying and high-speed line protection. This transient may cause out-of-zone
tripping, which is not tolerable.

7.3.8 Optical Voltage Transducer

A new technology, optical voltage transducers, is being used in high-voltage applications. It works on the
principle known as the Kerr effect, by which polarized light passes through the electric field produced by
the line voltage. This polarized light, measured optically, is converted to an analog electrical signal
proportional to the voltage in the primary conductor. This device provides complete isolation, since
there is no electrical connection to the primary conductor. With regard to its construction, since there is
no magnetic core and windings, its physical size and weight is significantly smaller than the conventional
wound-type high-voltage VTI. And with the absence of a core, there are no saturation limits or over-
voltage concerns. The full line-to-ground voltage is applied across the sensor. It is still required to satisfy
the system BIL rating. It also must have a constant and reliable light source and a means of detecting the
absence of this light source. The connection to and from the device to the control panel is via fiber-optic
cables. These devices are available for use in the field. High initial cost and the uncertainty of its
performance will limit its use.

7.4 Current Transformer

The current transformer (CT) is often treated as a “black box.” It is a transformer that is governed by the
laws of electromagnetic induction:

e=kB Ac Nf (7.12)

where
¢ =induced voltage
B =flux density
Ac = core cross-sectional area
N =turns
f =frequency
k = constant of proportionality

As previously stated, the CT is connected in series with the circuit to be monitored, and it is this
difference that leads to its ambiguous description. The primary winding is to offer a constant-current
source of supply through a low-impedance loop. Because of this low impedance, current passes through
it with very little regulation. The CT operates on the ampere-turn principle (Faraday’s law): primary
ampere-turns = secondary ampere-turns, or

Ip Np =1Is Ns (7.13)

Since there is energy loss during transformation, this loss can be expressed in ampere-turns: primary
ampere-turns—magnetizing ampere-turns = secondary ampere-turns, or

Ip Np — Iex Np = Is Ng (7.14)
The CT is not voltage dependant, but it is voltage limited. As current passes through an impedance, a
voltage is developed (Ohm’s law, V=1 x Z). As this occurs, energy is depleted from the primary supply,

thus acting like a shunt. This depletion of energy results in the CT errors. As the secondary impedance
increases, the voltage proportionally increases. Thus the limit of the CT is magnetic saturation,
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a condition when the core flux can no longer support the increased voltage demand. At this point, nearly
all of the available energy is going into the core, leaving none to support the secondary circuit.

7.4.1 Saturation Curve

The saturation curve, often called the secondary-excitation curve, is a plot of secondary-exciting
voltage versus secondary-exciting current drawn on log-log paper. The units are in rms with the
understanding that the applied voltage is sinusoidal. This characteristic defines the core properties
after the stress-relief annealing process. It can be demonstrated by test that cores processed in the
same manner will always follow this characteristic within the specified tolerances. Figure 7.14 shows
a typical characteristic of a 600:5 multiratio CT. The knee point is indicated by the dashed line. Since
the voltage is proportional to the turns, the volts-per-turn at the knee is constant. The tolerances are
95% of saturation voltage for any exciting current above the knee point and 125% of exciting current
for any voltage below the knee point. These tolerances, however, can create a discontinuity about the
knee of the curve, which is illustrated in Figure 7.14. Since the tolerance is referenced at the knee
point, it is possible to have a characteristic that is shifted to the right of the nominal, within
tolerance below the knee point. But careful inspection shows that a portion of the characteristic will
exceed the tolerance above the knee point. For this reason, manufacturers’ typical curves may be
somewhat conservative to avoid this situation in regards to field testing. Some manufacturers will
provide actual test data that may provide the relay engineer with more useful information. Knowing
the secondary-winding resistance and the excitation characteristic, the user can calculate the expected
RCF under various conditions. Using this type of curve is only valid for nonmetering applications.
The required voltage needed from the CT must be calculated using the total circuit impedance and
the anticipated secondary-current level. The corresponding exciting current is read from the curve
and used to approximate the anticipated errors.

Ve = Iss Z1 = Isr\/ (Rs + Rp)* + X3 (7.15)
RCF = (ISf + Iex)/ISf (7.16)
%RE = Iex/Isf x 100 (7.17)
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where
V.x = secondary-excitation voltage required at fault level

Isf =secondary fault current (primary fault current/turns ratio)
I, =secondary-exciting current at V,,, obtained from curve

Zr =total circuit impedance, in ohms

Ry =secondary winding resistance, ohms

Rp =secondary burden resistance, ohms
Xp =secondary burden reactance, ohms
RCF =ratio correction factor

RE =ratio error

In the world of protection, the best situation is to avoid saturation entirely. This can be achieved by
sizing the CT knee-point voltage to be greater than Vi, but this may not be the most practical approach.
This could force the CT physical size to substantially increase as well as cause dielectric issues. There
must be some reasonable trade-offs to reach a desirable condition. Equation 7.15 provides the voltage
necessary to avoid ac saturation. If there is an offset that will introduce a dc component, then the system
X/R ratio must be factored in:

Vex - ISf ZT[1 + (X/R)] (718)
And if the secondary burden is inductive, Equation 7.18 is rewritten as
Vex = Iss Zr {1 4+ [(X/R)(Rs + Rp) /Zr ]} (7.19)

The saturation factor, K, is the ratio of the knee-point voltage to the required secondary voltage V. It is
an index of how close to saturation a CT will be in a given application. Kg is used to calculate the time a
CT will saturate under certain conditions:

X Ks— 4
Tg= - In|1—— X (7.20)
wR R

where
Ts = time to saturate
o =2  f, where f=system frequency
Ks = saturation factor (Vi /V)
R = primary system resistance at point of fault
X = primary system reactance at point of fault
In =natural log function

7.4.2 CT Rating Factor

The continuous-current rating factor is given at a reference ambient temperature, usually 30°C. The
standard convention is that the average temperature rise will not exceed 55°C for general-purpose use,
but it can be any rise shown in Table 7.8. From this rating factor, a given CT can be derated for use in
higher ambient temperatures from the following relationship:

RF}py  85°C — AMBugw

== ” (7.21)
RFZ,,  85°C—30°C
which can be simplified and rewritten as
85°C — AMB
RExgy = RFgp )/ —— oW (7.22)

55°C
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where
RF\gw =desired rating factor at some other ambient temperature
RFgrp  =reference rating factor at 30°C
AMBygw =desired ambient temperature <85°C

Equation 7.22 is valid only for 55°C rise ratings and maximum ambient less than 85°C.

The rating factor ensures that the CT will not exceed its insulation-class rating. This expression follows
the loading curves of Figure 1 in IEEE C57.13 (see Figure 7.15). It assumes that the average winding-
temperature rise is proportional to the current squared and that core watt losses are insignificant under
continuous operating conditions.

Conversely, this expression will work for ambient temperatures lower than 30°C, but in this situation
the rating factor will be higher. The concern is not with exceeding the insulation system but, rather, with
the chance of increasing the errors of the CT accuracy limits. A number of factors can affect this, such as
core material and compensation methods used. It is best to consult the manufacturer for overrating
performances.

Another consideration is the stated rating factor versus the actual temperature rise. In most cases, the
stated rating factor may be quite less than the permitted 55°C rise allowance. For example, the actual
rating factor may be 2.67, but the stated rating factor is 2.0. If the actual rise data were known, then
Equation 7.22 could be rewritten as

85°C — AMB
REnew = RFacruary/ TNEW (7.23)
RISE
where

RFacruar, = rating factor at actual temperature rise
ATgisg = actual measured temperature rise
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This may be more useful when operating a CT at higher ambient, where there is a need for the
maximum rating factor. For example, if the CT has an actual rating of 2.67 based on temperature-rise
data but is only rated 2.0, and if it is desired to use the CT at 50°C ambient with the stated rating factor
2.0, then this unit should work within its insulation rating and within its stated accuracy class.

If a higher-temperature-class insulation system is provided, then the rise must be in compliance with
that class per Table 7.8. In some cases, the temperature class is selected for the environment rather than
the actual temperature rise of the CT.

7.4.3 Open-Circuit Conditions

The CT functions best with the minimum burden possible, which would be its own internal impedance.
This can only be accomplished by applying a short circuit across the secondary terminals. Since the core
mmf acts like a shunt, with no load connected to its secondary, the mmf becomes the primary current,
thus driving the CT into hard saturation. With no load on the secondary to control the voltage, the
winding develops an extremely high peak voltage. This voltage can be in the thousands, or even tens of
thousands, of volts. This situation puts the winding under incredible stress, ultimately leading to failure.
This could result in damage to other equipment or present a hazard to personnel. It is for this reason
that the secondary circuit should never be open. It must always have a load connected. If it is installed to
the primary but not in use, then the terminals should be shorted until it is to be used. Most
manufacturers ship CTs with a shorting strap or wire across the secondary terminals. The CT winding
must be able to withstand 3500 Ve, for 1 min under open-circuit conditions. If the voltage can exceed
this level, then it is recommended that overvoltage protection be used.

7.4.4 Qvervoltage Protection

Under load, the CT voltage is limited. The level of this voltage depends on the turns and core cross-
sectional area. The user must evaluate the limits of the burdens connected to ensure equipment safety.
Sometimes protective devices are used on the secondary side to maintain safe levels of voltage. These
devices are also incorporated to protect the CT during an open-circuit condition. In metering applications,
it is possible for such a device to introduce a direct current (dc) across the winding that could saturate the
core or leave it in some state of residual flux. In high-voltage equipment, arrestors may be used to protect
the primary winding from high voltage-spikes produced by switching transients or lightning.

7.4.5 Residual Magnetism

Residual magnetism, residual flux, or remanence refers to the amount of stored, or trapped, flux in the
core. This can be introduced during heavy saturation or with the presence of some dc component.
Figure 7.16 shows a typical B-H curve for silicon-iron driven into hard saturation. The point at which
the curve crosses zero force, identified by +B,.,, represents the residual flux. If at some point the CT is
disconnected from the source, this flux will remain in the magnetic core until another source becomes
present. If a fault current drove the CT into saturation, when the supply current resumed normal levels,
the core would contain some residual component. Residual flux does not gradually decay but remains
constant once steady-state equilibrium has been reached. Under normal conditions, the minor B-H loop
must be high enough to remove the residual component. If it is not, then it will remain present until
another fault occurrence takes place. The effective result could be a reduction of the saturation flux.
However, if a transient of opposite polarity occurs, saturation is reduced with the assistance of the
residual. Conversely, the magnitude of residual is also based on the polarity of the transient and the
phase relationship of the flux and current. Whatever the outcome, the result could cause a delayed
response to the connected relay.

It has been observed that in a tape-wound toroidal core, as much as 85% of saturation flux could be
left in the core as residual component. The best way to remove residual flux is to demagnetize the core.
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FIGURE 7.16 Typical B-H curve for Si-Fe steel.

This is not always practical. The user could select a CT with a relay class that is twice that required.
This may not eliminate residual flux, but it will certainly reduce the magnitude. The use of hot-rolled
steel may inherently reduce the residual component to 40 to 50% of saturation flux. Another way of
reducing residual magnetism is to use an air-gapped core. Normally, the introduction of a gap that is,
say, 0.01% of core circumference could limit the residual flux to about 10% of the saturation flux.
Referring to Figure 7.16, a typical B-H loop for an air-gapped core is shown. The drawback is
significantly higher exciting current and lower saturation levels, as can be seen in Figure 7.3. To
overcome the high exciting current, the core would be made larger. That—coupled with the gap—
would increase its overall cost. This type of core construction is often referred to as a linearized core.

7.4.6 CT Connections

As previously mentioned, some devices are sensitive to the direction of current flow. It is often critical in
three-phase schemes to maintain proper phase shifting. Residually connected CTs in three-phase
ground-fault scheme (Figure 7.17a) sum to zero when the phases are balanced. Reversed polarity of a
CT could cause a ground-fault relay to trip under a normal balanced condition. Another scheme to
detect zero-sequence faults uses one CT to simultaneously monitor all leads and neutral (Figure 7.17¢).
In differential protection schemes (Figure 7.17b), current-source phase and magnitude are compared.
Reverse polarity of a CT could effectively double the phase current flowing into the relay, thus causing a
nuisance tripping of a relay. When two CTs are driving a three-phase ammeter through a switch, a
reversed CT could show 1.73 times the monitored current flowing in the unmonitored circuit.

The wye-connected secondary circuit is the most commonly used. The CT will reproduce positive-,
negative-, and zero-sequence elements as they occur in the primary circuit. In the delta-connected
secondary, the zero-sequence components are filtered and left to circulate in the delta. This is a common
scheme for differential protection of delta-wye transformer. A general rule of thumb is to connect the
CT secondaries in wye when they are on the delta winding of a transformer and, conversely, connect
the secondaries in delta when they are on the wye winding of the transformer. See Table 7.9.
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FIGURE 7.17 (a) Overcurrent and ground-fault protection scheme. (b) Differential protection scheme. (c) Zero-
sequence scheme with all three-phase leads going through the window of the CT. This connection, as well as the
residual connection in Figure 7.17a, will cancel out the positive- and negative-sequence currents leaving only the
zero-sequence current to the 50G device. Sometimes the ground or neutral lead will be included. The diagram on the
right shows sheathed cable. It is important that one ground point go back through the window to avoid the
possibility of a shorted electrical turn via the ground path.

7.4.7 Construction

There are four major types of CT: window-type CT, which includes bushing-type (BCT); bar-type CT;
split-core-type CT; and wound-type CT, the latter having both a primary and secondary winding. There
is ongoing development and limited use of optical-type current transformers (OCT), which rely on the
principles of light deflection.

7.4.7.1 Window-Type CT

The window-type CT is the simplest form of instrument transformer. It is considered to be an
incomplete transformer assembly, since it consists only of a secondary winding wound on its core.
The most common type is that wound on a toroidal core. The secondary winding is fully distributed
around the periphery of the core. In special cases when taps are employed, they are distributed such that
any connection made would utilize the entire core periphery. Windings in this manner ensure optimum
flux linkage and distribution. Coupling is almost impervious to primary-conductor position, provided
that the return path is sufficiently distanced from the outer periphery of the secondary winding

TABLE 7.9 Total Burden on CT in Fault Conditions

CT Secondary Connections Three-Phase or Ph-to-Ph Fault Phase-to-GND Fault
Wye-connected at CT Rg + Ry + Zy Rg + 2Ry + Zy
Wye-connected at switchboard Rg + 2Ry + Zg Rs + 2Ry + Zg
Delta-connected at CT Rg + 2Ry + 3Zy Rg + 2Ry + 2Zy
Delta-connected at switchboard Rs + 3Ry + 3Zz Rs + 2Ry + 27y

Note: Rg = CT secondary-winding resistance + CT lead resistance, ohms; Ry = one-way circuit lead resistance, ohms;
Zr =relay impedance in secondary current path, ohms.

© 2006 by Taylor & Francis Group, LLC.



(see Figure 7.5a). The effects of stray flux are negligible, thus making this type of winding a low-
reactance design. The primary winding in most cases is a single conductor centrally located in the
window. A common application is to position the CT over a high-voltage bushing, hence the name BCT.
Nearly all window-type CTs manufactured today are rated 600-V class. In practice, they are intended to be
used over insulated conductors when the conductor voltage exceeds 600 V. It is common practice
to utilize a 600-V-class window type in conjunction with air space between the window and
the conductor on higher-voltage systems. Such use may be seen in isolated-phase bus com-
partments. There are some window types that can be rated for higher voltages as stand-alone units,
for use with an integral high-voltage stress shield, or for use with an insulating sleeve or tube made of
porcelain or some polymeric material. Window-type CTs generally have a round window opening but
are also available with rectangular openings. This is sometimes provided to fit a specific bus arrangement
found in the rear of switchgear panels or on drawout-type circuit breakers. This type of CT is used for
general-purpose monitoring, revenue metering and billing, and protective relaying (Figure 7.20).

7.4.7.2 Bar-Type CT

The bar-type CT is, for all practical purposes, a window-type CT with a primary bar inserted straight
through the window (Figure 7.18). This bar assembly can be permanently attached or held in place
with brackets. Either way, the primary conductor is a single turn through the window, fully insulated
from the secondary winding. The bar must be sized to handle the continuous current to be passed
through it, and it must be mechanically secured to handle high-level short-circuit currents without
incurring damage. Uses are the same as the window-type.

7.4.7.3 Split-Core Type

The split-core type CT is a special case of window-type CT. Its winding and core construction is such
that it can hinge open, or totally separate into two parts (Figure 7.19). This arrangement is ideal to use in

FIGURE 7.18 Bar-type CT. (Photo courtesy of Kuhlman Electric Corp.)
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FIGURE 7.19 Split-core type CT with secondary winding on three legs of core. (Photo courtesy of Kuhlman
Electric Corp.)

cases where the primary conductor cannot be opened or broken. However, because of this cut, the winding
is not fully distributed (see Figure 7.5b). Often only 50% of the effective magnetic path is used. Use of this
type should be with discretion, since this construction results in higher-than-normal errors. There is also
some uncertainty in repeatability of performance from installation to installation. The reassembly of the
core halves is critical. It is intended for general-purpose monitoring and temporary installations.

7.4.7.4 Wound-Type CT

The wound-type CT has a primary winding that is fully insulated from the secondary winding. Both
windings are permanently assembled on the core (Figure 7.5¢ and Figure 7.5d). The insulation medium
used—whether polymeric, oil, or even air—in conjunction with its rated voltage class dictates the core
and coil construction. There are several core types used, from a low-reactance toroid to high-reactance
cut-cores and laminations. The distribution of the cut(s) and gap(s) helps control the magnetizing
losses. The manner in which the windings are arranged on the core affects the reactance, since it is a
geometric function. Generally, the windings do not utilize the magnetic path efficiently. The proper
combination of core type and coil arrangement can greatly reduce the total reactance, thus reducing
errors (Figure 7.21 and 7.22).

The auxiliary CT is a wound-type (see Figure 7.5d) used in secondary circuits for totalizing,
summation, phase shifting, isolation, or to change ratio. They are typically 600-V class (Figure 7.23),
since they are used in the low-voltage circuit. When applying auxiliary CTs, the user must be aware of its
reflected impedance on the main-line CT.

7.4.8 Optical Current Transducers

A relatively new technology, optical current transducers are being used in high-voltage applications. It
works on the principle known as the Faraday effect, by which a polarized light beam, passing around a
current-carrying conductor, deflects in the presence of magnetic fields. The angular deflection is
proportional to the length of path through the dielectric medium, the magnetic field strength, and
the cosine of the angle between the direction of the light beam and the direction of the magnetic field.
This angle of deflection, measured optically, is converted to an electrical signal that is proportional
to the current flowing in the primary conductor. This device provides complete isolation, since there
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FIGURE 7.20 (a) Small 600-V-class window-type CT mounted over a bushing on a 15-kV recloser. (b) 15-kV-class

window-type CTs with porcelain sleeve mounted on substation structure. (c) 600-V-class window-type CTs mounted
over a 15-kV bus inside a metal enclosure. (d) Large 600-V-class window-type CT (slipover) mounted over a high-

voltage bushing. (e) 8.7-kV-class window-type CT with rectangular opening. (Photos courtesy of Kuhlman Electric
Corp.)
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FIGURE 7.21 15-kV wound-type CT cast in epoxy resin. (Photo courtesy of Kuhlman Electric Corp.)

FIGURE 7.22 High-voltage wound-type CT in combination steel tank, oil, and porcelain construction. (Photo
courtesy of Kuhlman Electric Corp.)
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FIGURE 7.23  600-V, indoor-class auxiliary CT frame shell-type laminated “EI” core. (Photo courtesy of Kuhlman
Electric Corp.)

is no electrical connection to the primary conductor. With regard to its construction, since there is no
magnetic core and windings, its physical size and weight is significantly smaller than the conventional
wound-type high-voltage CT. And with the absence of a core, there are no saturation limits and
no mechanism for failure. It is still required to satisfy the system BIL rating. It also must have a
constant and reliable light source and a means to detect the absence of this light source.
The connection to and from the device to the control panel is via fiber-optic cables. These devices
have been used in the field over the last ten years. High initial cost and the uncertainty of its
performance has limited its use. However, it may prove to be a viable option in many high-voltage
applications.

7.4.9 Proximity Effects

Current flowing in a conductor will induce magnetic flux through the air. This flux is inversely
proportional to the distance squared, B = 1/d* As current increases, the flux increases. Considering
the case in a three-phase bus compartment, each bus is equally spaced from the other. If CTs are
mounted on each phase, then it is possible that the flux from adjacent conductor fields link to the
adjacent CTs. Often, the distance is sufficient that stray flux linkage is almost negligible. But at higher
current levels it can cause problems, especially in differential protection schemes. This stray flux can
cause localized saturation in segments of the core, and this saturation can cause heating in the winding
and increase the CT errors. This same effect can be seen when return paths are also in close proximity to
a CT. In the case of draw-out circuit breakers rated 2000 A and above, the phase distances and return
paths are close together, causing problems with CTs mounted on the stabs. Sometimes magnetic shunts
or special winding arrangements are incorporated to offset the effects. Another concern is with CTs
mounted over large generator bushings. The distances are typically adequate for normal operation, but
overcurrent situations may lead to misoperation of protective devices. Consequently, CTs used in this
application rated above 10,000 A are shielded. The shield can be external, such as cast-aluminum or cast-
copper housings. These housings are of large cross section. In the presence of high stray-flux fields, large
eddy currents flow in the housings, producing high temperatures. The shield can also be internal as an
integral part of the secondary winding. This technique eliminates the eddy-current problems. Both
techniques are effective in protecting the core from stray flux, but neither will make it immune from it.
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FIGURE 7.24 Linear-coupler equivalent circuit.

7.4.10 Linear Coupler

The linear coupler (LC), or Rogowski coil, is a current transformer that utilizes a nonmagnetic core, e.g.,
wood, plastic, or paper, which acts only as a form for the winding. It is typically a window-type
construction. With an air core, the magnetizing components of error have been removed, thus offering
linear response and no possibility of saturation. They do not produce secondary currents that would be
provided by an ideal CT. If the magnetizing impedance approached infinity, the secondary current would
approach the ideal, is = —ip (Np/Njs), as seen in Figure 7.24. The low permeability of the core prevents a
high-magnetizing inductance, thus providing considerable divergence of performance from that of a
conventional CT. Consequently, protective equipment must be designed to present essentially infinite
impedance to the LC and operate as mutual inductors. Closely matching the LC impedance will provide
maximum power transfer to the device. LC outputs are typically defined by Vs/Ip, e.g., 5 V per 1000 A. Since
the load is high impedance, the LC can be safely open-circuited, unlike the conventional iron-core CT.

Because coupling is important and there is no iron to direct the flux, the window size is made as small
as possible to accommodate the primary conductor. Positioning is critical, and the return conductor and
adjacent phases must be far enough away from the outer diameter of the LC so that stray flux is not
introduced into the winding.

7.4.11 Direct-Current Transformer

The basic direct-current transformer (DCT) utilizes two coils, referred to as elements, that require
external ac (alternating current) excitation (Figure 7.25). The elements are window-type CTs that fit over
the dc bus. The elements are connected in opposition such that the instantaneous ac polarity of one is
always in opposition to the other. The ac flux in one element opposes the dc flux in the primary bus and

Idc

\VARVARVARV) \ARVARVARY)

120V
60 Hz

FIGURE 7.25 Standard two-element connection.
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FIGURE 7.26 Three-element connection.

desaturates the core, while in the other element the ac flux aids the dc flux and further saturates the core.
This cycle is repeated during the other (opposite polarity) half of the ac cycle. The need to rectify is due
to the square-wave output. The direction of current flow in the primary is not important.

Proximity of the return conductor may have an effect on accuracy due to local saturation. For best
results, all external influences should be kept to a minimum.

The output waveform contains a commutation notch at each half-cycle of the applied exciting voltage.
These notches contribute to the errors and can interfere with the operation of fast-acting devices. Ideally,
the core material should have a square B-H characteristic, which will minimize the notches. There are
several connection schemes that can eliminate the notches but will increase the overall cost.

A simple approach could be the three-element connection (Figure 7.26), where the third element acts
as a smoothing choke to the notches. This also increases overall frequency response by providing ac
coupling between the primary and the output circuits.

Finally, there is the Hall-effect device. This solid-state chip is inserted into the gap of an iron core
whose area is much larger than the device itself. The core has no secondary winding. The Hall effect
requires a low-voltage dc source to power and provides an output proportional to the dc primary
current and the flux linked to the core and gap.

7.4.12 Slipover CT Installations

CTs are often installed on existing systems as power requirements increase. One of the most common
retrofit installations is the application of a window-type or external slipover CT, which is mounted over
the high-voltage bushing of a power transformer or circuit breaker (Figure 7.27). To maintain the
integrity of the insulation system, adequate strike clearances must be observed. It is also important to
protect the CT from a high-voltage flashover to ground. This can be done by placing the CT below the

FIGURE 7.27 600-V-class slipover CT installed on high-voltage bushing with ground shield. Note the ground lead
going back through the CT window to avoid shorted electrical turn. (Photo courtesy of Kuhlman Electric Corp.)
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FIGURE 7.28 High-voltage circuit breaker with BCTs mounted underneath a metallic cover. (Photo courtesy of
Kuhlman Electric Corp.)

ground plane or bushing flange. When using an external slipover CT, a ground shield can be placed on
top of the unit and connected to ground. When grounding the shield, it is important that the lead is
routed such that it does not make a shorted electrical turn around the CT.

A slipover, when used internally, is called a bushing CT or BCT. Its insulation is not suitable for direct
outdoor use and requires protection from the weather. In high-voltage switchgear, BCTs are fitted over
the high-voltage bushing in a similar manner as described above, but they are enclosed inside a metallic
cover that protects them from the weather while providing a ground shield (Figure 7.28). The BCT can
also be inside the apparatus, mounted off of the high-voltage bushing, either above or submerged in the
oil. Either way, special materials must be used for exposure to oil.

7.4.13 Combination Metering Units

The last major assembly is the combination metering unit, which consists of a single VT and a single CT
element within one common housing. These are typically available in 15-kV class and up. In most cases
this is more economical than using single-housed elements and can save space. With two primary
terminals, it mimics the conventional wound-type CT, thus simplifying the installation. The H1 (line)
terminal is a common junction point for both the CT and VT elements. The H2 (load) terminal
completes the current loop. The VT element is connected from the H1 terminal to ground. All secondary
terminals are isolated and located inside the secondary-terminal box.

Optical metering units are available for use in high-voltage substations. They utilize the same
principles as previously discussed, with the current and voltage transducers housed in a common
structure.

7.4.14 Primary Metering Units

Primary metering units are single CT and VT elements assembled on a common bracket for pole-
mounted installations or inside a pad-mount compartment for ground installations. They are typically
molded products, 5 kV through 34.5 kV (Figure 7.29), but they are also available in oil-filled units
(Figure 7.30). It is a prewired assembly with all of the elements’ secondary leads connected to a common
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FIGURE 7.29 15-kV three-phase/four-wire metering rack with 3 VT and 3 CT. (Photo courtesy of Kuhlman
Electric Corp.)

junction box for easy access. The elements can be in any combination needed to provide accurate energy
measurement. For three-phase/four-wire installations use either 2 1- or 3-element arrangements, and for
three-phase/three-wire installations use 2-element arrangements. There are even single-phase assemblies
available for special applications.
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FIGURE 7.30 34.5-kV three-phase oil-filled metering unit. (Photo courtesy of Kuhlman Electric Corp.)
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When measuring energy usage for the purposes of revenue billing, and knowing the RCF and
phaseangle readings of each element, the watts or watt-hours can be corrected by multiplying the
reading by the product of [TCFcr] [TCEyr].

7.4.15 New Horizons

With deregulation of the utility industry, the buying and selling of power, the leasing of power lines, etc.,
the need for monitoring power at the transmission and distribution level will increase. There will be a
need to add more metering points within existing systems beginning at the generator. The utilities will
want to add this feature at the most economical cost. The use of window-type slipover CTs for revenue
metering will drive the industry toward improved performance. The need for higher accuracies at all
levels will be desired and can be easily obtained with the use of low-burden solid-state devices. Products
will become more environmentally safe and smaller in size. To help the transformer industry fulfill these
needs, steel producers will need to make improvements by lowering losses and increasing initial
permeability and developing new composites.
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8.1 Introduction

Requirements for electrical power become more challenging every day in terms of both quality and
quantity. “Quality” means that consumers need stable voltage without distortions and interruptions.
“Quantity” means that the user can draw as much load as needed without reducing the quality of the
supply. These requirements come from industry as well as from domestic consumers, and each
requirement influences the other. Maintaining voltage magnitude within a specified range is an import-
ant component of power quality. Power transformers and feeders impose their own impedance, and the
amount of voltage drop depends on the loads and, consequently, the currents that flow through them.
Voltage magnitudes decrease along the feeder, which means that consumers at the end of the feeder will
have the lowest voltage.

Distribution systems must be designed in such a way that voltage magnitudes always remain within a
specified range as required by standards. This is accomplished through the use of voltage-control
equipment and effective system design. Regulating power transformers (load-tap-changing transform-
ers, or LTCs), three-phase step-voltage regulators, single-phase step-voltage regulators, and Auto-
Boosters™ are typical transformer-type equipment used to improve the voltage “profile” of a power
system. Most of this section is dedicated to the single-phase step-voltage regulator, shown in Figure 8.1,
that is used in substations and on distribution system feeders and laterals. Figure 8.2 shows the locations
on a power system where voltage regulators are commonly applied.

Single-phase step-voltage regulators maintain a constant voltage by on-load voltage regulation
wherever the voltage magnitude is beyond specified upper and lower limits. A common practice
among utilities is to stay within preferred voltage levels and ranges of variation as set forth by ANSI
84.1, Voltage Rating for Electric Power Systems and Equipment, as shown in Table 8.1.

© 2006 by Taylor & Francis Group, LLC.



FIGURE 8.1

Single-phase step-
voltage regulator.

Electric supply systems are to be designed and operated so that
most service voltages fall within the range A limits. User systems are
to be designed and operated so that, when the service voltages are
within range A, the utilization voltages are within range A. Utiliza-
tion equipment is to be designed and rated to give fully satisfactory
performance within the range A limits for utilization voltages.

Range B is provided to allow limited excursion of voltage outside
the range A limits that necessarily result from practical design and
operating conditions. The supplying utility is expected to take action
within a reasonable time (e.g., 2 or 3 min) to restore utilization
voltages to range A limits.

The combination of step-voltage regulators and fixed-ratio power
transformers is often used in lieu of load-tap-changing power trans-
formers in the substation. To obtain constant voltage at some dis-
tance (load center) from the step-voltage regulator bank, a line-drop
compensation feature in the control can be utilized.

Step-voltage regulators—single- and three-phase—are designed,
manufactured, and tested in accordance with IEEE Std. C57.15, IEEE
Standard Requirements, Technology, and Test Code for Step-Voltage
Regulators. A step-voltage regulator is defined as “an induction
device having one or more windings in shunt with and excited
from the primary circuit, and having one or more windings in series
between the primary circuit and the regulated circuit, all suitably
adapted and arranged for the control of the voltage, or of the phase
angle, or of both, of the regulated circuit in steps by means of taps
without interrupting the load.”

The most common step-voltage regulators manufactured today
are single-phase, using reactive switching resulting in 32%%
voltage steps (16 boosting and 16 bucking the applied voltage),

providing an overall +10% regulation. They are oil-immersed and typically use ANSI Type II
insulating oil in accordance with ANSI/ASTM D-3487.

Although not required by the IEEE standard, which now recognizes 65°C rise, most manufacturers
today design and manufacture step-voltage regulators rated 55°C average winding rise over a 30°C

Generation

%

Substation

FIGURE 8.2 Power system.
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TABLE 8.1 Voltage Rating for Electric Power Systems and Equipment

Range A, V Range B, V
Maximum allowable voltage 126 (125%) 127
Voltage-drop allowance for primary distribution line 9 13
Minimum primary service voltage 117 114
Voltage-drop allowance for distribution transformer 3 4
Minimum secondary service voltage 114 110
Voltage-drop allowance for plant wiring 6 (4% 6 (4%
Minimum utilization voltage 108 (110°) 104 (106")

“For utilization voltage of 120 through 600 V.
"For building wiring circuits supplying lighting equipment.
Source: ANSI 84.1, Voltage Rating for Electric Power Systems and Equipment. With permission.

average ambient and use a sealed-tank-type construction. The gases generated from arcing in oil, as a
result of normal operation of the load-tap changer, are vented through a pressure-relief device located
on the tank above the oil level. Thermally upgraded paper insulation designed for an average winding
rise of 65°C, along with the use of a sealed-tank-type system, allows for a 12% increase in load over the
nameplate 55°C rise kVA rating.

Many regulators with a continuous-current rating of 668 A and below can be loaded in excess of their
rated ampere load if the range of voltage regulation is limited at a value less than the normal +10%
value. Table 8.2 shows the percent increase in ampere load permitted on each single-phase step-voltage
regulator when the percent regulation range is limited to discrete values less than +10%.

Some regulators have limitations in this increased current capacity due to tap-changer ampacity
limitations. In those cases, the maximum tap-changer capacity is shown on the regulator nameplate.
Limiting the percent regulation range is accomplished by setting limit switches in the position indicator
of the regulator to prevent the tap changer from traveling beyond a set position in either raise or lower
directions. It should be recognized, however, that although the regulators can be loaded by these
additional amounts without affecting the regulator’s normal coil-insulation longevity, when the percent
regulation is decreased, the life of the tap-changer contacts will be adversely affected.

8.2 Power Systems Applications

The following common types of circuits can be regulated using single-phase step-voltage regulators:

* A single-phase circuit

+ A three-phase, four-wire, multigrounded wye circuit with three regulators
+ A three-phase, three-wire circuit with two regulators

* A three-phase, three-wire circuit with three regulators

Figure 8.3 shows a voltage regulator that can be used to maintain voltage on a single-phase circuit or
lateral off of a main feeder where the terminals are designated by the standard as S(ource), L(oad), and SL,
as seen in Figure 8.4.

TABLE 8.2 Increase in Ampere Load Permitted on Single-
Phase Step-Voltage Regulators for Regulation Range < +10%

Range of Voltage Regulation, %  Continuous Current Rating, %

10.0 100
8.75 110
7.5 120
6.25 135
5.0 160
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FIGURE 8.4 Phasor diagram of a voltage
regulator regulating a single-phase circuit.
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= three single-phase step-voltage regulators

connected in wye for a four-wire circuit or

FIGURE 8.3 Voltage regulator connection in a single-phase two-or .three single-phase regulators con-

circuit. nected in an open- or closed-delta config-
uration for a three-wire circuit.

Wye-connected regulators (Figure 8.5 and Figure 8.6) work independently from each other.

Regulators will regulate the voltage between the individual phases and neutral. It is not necessary
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\/1 20°

FIGURE 8.6 Phasor diagram of three regulators regulating a three-phase, four-wire, multigrounded wye circuit.
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FIGURE 8.7 Connection of two voltage regulators regulating a three-phase, three-wire wye or delta circuit.

for loads on each phase to be balanced. Unbalanced current will flow in the neutral wire, keeping
the neutral reference from floating. In the case of a three-wire wye, the neutral can shift, so the
regulator has no stable reference point from which to excite the controls of the regulator. This
can cause overstressing of insulation and erratic regulator operation. Therefore, three regulators
cannot be connected in ungrounded wye on a three-phase, three-wire circuit unless the neutral is
stabilized.

One method of stabilization is to link the common SL connections back to the grounded
secondary neutral of a substation transformer that is located in the same vicinity. If a substation
transformer is not available, the alternative is to install a small grounding bank consisting of three
transformers, each from one-third to two-thirds the kVA rating of the individual regulators. The
rating within the range depends on the expected unbalance in load. Either method allows a path for
the unbalanced current to flow. The primary windings are connected in a wye configuration tying
their neutral back to the neutral of the three regulators, while the secondary windings are connected
in a delta configuration.

Two single-phase regulators connected in an open-delta bank, as shown in Figure 8.7, allow for two of
the phases to be regulated independent of each other, with the third phase tending to read the average
of the other two. A 30° phase displacement between the regulator current and voltage, as shown in
Figure 8.8, is a result of the open-delta connection. Depending on the phase rotation, one regulator has
its current lagging the voltage, while the other has its current leading the voltage.

0+10%
A l_Output voltage

/— System voltage

B

C

¢t o+10%
Output voltage

FIGURE 8.8 Phasor diagram of two voltage regulators regulating a three-phase circuit.
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FIGURE 8.9 Connection of three voltage regulators in a three-phase, three-wire delta circuit.

When a three-phase, three-wire circuit incorporates three single-phase voltage regulators in a closed-
delta-connected bank as shown in Figure 8.9, the overall range of regulation of each phase is dependent
on the range of regulation of each regulator. This type of connection will give approximately 50% more
regulation (15% vs. 10%) than is obtained with two regulators in an open-delta configuration. A 30°
phase displacement is also realized between the regulator current and voltage as a result of the delta
connection. The phasor diagram in Figure 8.10 shows this. Depending on the phase rotation, the current
will lag or lead the voltage, but the lag/lead relationship will be consistent for all three regulators.

Contributing to the effect is that the phase angle increases as the individual range of regulation of each
regulator increases. A 4 to 6% shift in the phase angle will be realized with the regulators set at the same
extreme tap position. A voltage improvement of 10% in the phase obtained with the regulator operation
leads to a 5% voltage improvement in the adjacent phase. If all three regulators operate to the same
extreme position, the overall effect increases the range of regulation to +15%, as shown in the phasor
diagram of Figure 8.10.

Figure 8.11 reflects the power connection of a closed-delta bank of regulators. Current within the
windings reaches a maximum of approximately minus or plus 5% of the line current as the regulators

+10% Regulation j B’C’ Voltage is 15% higher
than VSystem (BC)

FIGURE 8.10 Phasor diagram of closed-delta-connected voltage regulators.
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FIGURE 8.11 Power connection of closed-delta-connected voltage regulators.

approach the full raise or lower positions, respectively. Because the operation of any regulator changes
the voltage across the other two, it may be necessary for the other two to make additional tap changes to
restore voltage balance. The 30° phase displacement between the regulator current and voltage at unity
power-factor load for open- and closed-delta connections also affects the resulting arc energy and
corresponding life of the tap-changer load-breaking contacts.

8.3 Ratings

The rated-load current of a step-voltage regulator is determined by the following equation:

3dload
IRated = VL X \/§ (81)
If the regulators are used in a single-phase circuit, four-wire grounded-wye circuit, or connected in a
wye configuration in a three-wire system, the rated voltage of the regulator would be Vi _p /v/3. If the
regulators were connected in an open- or closed-delta configuration for a three-wire system, the rated
voltage of the regulator would be V1 ;. As a result, the kVA rating of the regulator would be determined
by the following equation:

KVA = (VRated X IRated X per-unit range of regulation)/1000 (8.2)

Thus the kVA rating of a step-voltage regulator is determined considering its range of voltage
regulation. Single-phase voltage regulators are available in the common ratings shown in Table 8.3,
where all entries are understood to be for +10% range of voltage regulation.

8.4 Theory

A step-voltage regulator is a tapped autotransformer. To understand how a regulator operates, one can
start by comparing it with a two-winding transformer.
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TABLE 8.3 Commonly Available Ratings for Single-Phase
Voltage Regulators

Rated Volts BIL, kV Rated, kVA Load Current, A
2,500 60 50 200
75 300
100 400
125 500
167 668
250 1000
333 1332
416 1665
5,000 75 50 100
75 150
100 200
125 250
167 334
250 500
333 668
416 833
7,620 95 38.1 50
57.2 75
76.2 100
114.3 150
167 219
250 328
333 438
416 548
500 656
667 875
833 1093
13,800 95 69 50
138 100
207 150
276 200
414 300
552 400
14,400 150 72 50
144 100
288 200
333 200
432 300
576 400
667 463
833 578
19,920 150 100 50
200 100
333 200
400 200
667 300
833 400

Figure 8.12 is a basic diagram of a transformer with a 10:1 turns ratio. If the primary winding or
Vsource has 1000 V applied, the secondary winding or Vj,,q will have an output of 100 V (10%). These
two independent windings can be connected so that their voltages aid or oppose one another.
A voltmeter connected across the output terminals measures either the sum of the two voltages or
the difference between them. The transformer becomes an autotransformer with the ability to raise
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FIGURE 8.12 Transformer with 10:1 turns ratio.
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Vsource = 1000 Vi oap = 1100

FIGURE 8.13 Step-up autotransformer.

(Figure 8.13) or lower (Figure 8.14) the primary or system voltage by 10%. This construction is similar
to a “Type A” single-phase step-voltage regulator, as described later in this section.

In a voltage regulator, the equivalent of the high-voltage winding in a two-winding transformer would
be referred to as the shunt winding. The low-voltage winding would be referred to as the series winding.
The series winding is connected to the shunt winding in order to boost or buck the applied or primary
voltage approximately 10%. The polarity of its connection to the shunt winding is accomplished by the
use of a reversing switch on the internal motor-driven tap changer. Eight approximately 1%4% taps
are added to the series winding to provide small voltage-adjustment increments. To go even further to
provide fine voltage adjustment, such as 16 approximate 5/8% tap steps, a center tapped bridging reactor
(preventive autotransformer)—used in conjunction with two movable contacts on the motorized tap
changer—is utilized. In all, there are 33 positions that include neutral, 16 lower positions (1L, 2L, 3L, 4L,

Vsource = 1000 Vioap = 900

FIGURE 8.14 Step-down autotransformer.
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FIGURE 8.15 Tap-changer position indicator.

etc.), and 16 raise positions (1R, 2R, 3R, 4R, etc.). Figure 8.15 illustrates a dial that indicates the
arrangement of the tap positions.

It is common practice to have the tap changer located in the same compartment as the core and coil.
Dielectric practices consider the oil and insulation degradation due to the arc by-products. Figure 8.16
shows a typical load-break tap changer used in a single-phase step-voltage regulator.

FIGURE 8.16 Single-phase step-voltage regulator tap changer.
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Source —> Load

Tapped bridging reactor

FIGURE 8.17 Two movable contacts on the same stationary contact (symmetrical position).

The process of moving from one voltage-regulator tap to the adjacent voltage-regulator tap consists of
closing the circuit at one tap before opening the circuit at the other tap. The movable tap-changer contacts
move through stationary taps alternating in eight bridging and eight nonbridging (symmetrical)
positions. Figure 8.17 shows the two movable tap-changer contacts on a symmetrical position, with the
center tap of the reactor at the same potential. This is the case at tap position N (neutral) and all evenly
numbered tap positions.

An asymmetrical position, as shown in Figure 8.18, is realized when one tap connection is open before
transferring the load to the adjacent tap. At this juncture, all of the load current flows through one-half
of the reactor, magnetizing the reactor, and the reactance voltage is introduced into the circuit for about
25 to 30 msec during the tap change.

Figure 8.19 shows the movable contacts in a bridging position; voltage change is one-half the 1%4% tap
voltage of the series winding because of its center tap and movable contacts located on adjacent
stationary contacts. This is the case at all oddly numbered tap positions.

Voltage phasor relations shown in Figure 8.20 represent a tap change. In this figure, S—SL represents
source or unregulated voltage, and sections of the series winding are represented by S-TAP 1 and TAP
1-TAP 2. In operating the tap changer from TAP 1 to TAP 2, the load or regulated voltage has the
following successive values:

SL-TAP 2: both contacts are closed on TAP 2; symmetrical position as shown in Figure 8.17.
SL—a: one contact is closed on TAP 2; asymmetrical position as shown in Figure 8.18. TAP 2-a is the
voltage drop across the reactor half.

Source — Load

Tapped bridging reactor

FIGURE 8.18 One movable contact on stationary contact (asymmetrical position).
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Source —* Load

Tapped bridging reactor

FIGURE 8.19 Two movable contacts on adjacent stationary contacts (bridging position).

SL-b: movable contacts are located on adjacent stationary contacts TAP 1 and TAP 2; bridging
position as shown in Figure 8.19.

SL—c: one contact is closed on TAP 1, asymmetrical position. TAP 1—c is the voltage drop across the
reactor half.

SL-TAP 1: both contacts are closed on TAP 1, symmetrical position.

TAP 1-c and TAP 2-a are reactance voltages introduced into the circuit by the reactor in the
asymmetrical positions. TAP 1—e and TAP 2—d represent the total reactor voltage. TAP 2—e represents
the voltage ruptured when bridging position is opened at TAP 2, while TAP 1—d represents the voltage
ruptured if bridging position is opened at TAP 1.

Figure 8.21 shows a typical tap-changer interruption envelope. Load current (Ip), tap voltage, reactor
circulating current (I¢), and power factor (PF) are key variables affecting a tap changer’s interrupting
ability and its contact life. A circulating current (I¢), caused by
the two contacts being at different positions (reactor energized
with 1%4% tap voltage), is limited by the reactive impedance of
this circuit. Two opposing requirements must be kept in mind

d when designing the amount of reactance for the value of the
circulating current. First, the circulating current must not be
e excessive; second, the variation of reactance during the switch-

ing cycle should not be so large as to introduce undesirable
fluctuations in the line voltage. The reactor has an iron core
with gaps in the magnetic circuit to set this magnetizing
circulating current between 25 and 60% of full-load current,
thus providing an equitable compromise between no-load and
load conditions. The value of this circulating current also has
a decided effect on switching ability and contact life. The ideal
reactor, from an arcing standpoint, would be one that has a
closed magnetic circuit at no-load with an air gap that would
increase in direct proportion to increase in load.

The voltage at the center tap is 5/8%, one-half of the 1%4%
tap voltage of the series winding taps. Some regulators, depend-
ing upon the rating, use an additional winding (called an
FIGURE 8.20 Voltage phasor diagrams €qualizer winding) in the bridging reactor circuit. The equalizer

SL

involved in a tap change. winding is a 5/8% voltage winding on the same magnetic
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I, = Interrupted current
VR = Recovery voltage
I I, =Load current
I = Reactive circulating current
Xr = PA Reactance
PF = Load power factor

Maximum
interrupting kVA

Contact life decreases

Contact life decreases

FIGURE 8.21 Tap-changer interruption envelope.

circuit (core) as the shunt and series winding. The equalizer winding is connected into the reactor
circuit opposite in polarity to the tap voltage. This is done so that the reactor is excited at 5/8% of line
voltage on both the symmetrical and bridging positions. Figure 8.22 shows an equalizer winding
incorporated into the main coil of a regulator.

Voltage regulators are designed and manufactured in two basic constructions, defined by IEEE
standards as Type A and Type B. Type A step-voltage regulators have the primary circuit (source
voltage) connected directly to the shunt winding of the regulator. The series winding is connected to
the load side of the regulator and, by adjusting taps, changes the output voltage. With Type A
construction, the core excitation varies with the source voltage because the shunt winding is connected

Series winding

Source — Load

Equalizer winding

FIGURE 8.22 Equalizer winding incorporated into the main coil of a regulator.
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FIGURE 8.23 Voltage regulation on the load side (Type A).

across the primary circuit. A separate voltage transformer is used to provide voltage for the tap-
changer and control. The maximum range of regulation of the “raise” side equals the maximum range
of regulation of the “lower” side, with 10% being the minimum amount of regulation. See the
schematic diagram in Figure 8.23.

Type B step-voltage regulators are constructed so that the primary circuit (source voltage) is applied
by way of taps to the series winding of the regulator, which is connected to the source side of the
regulator. With Type B construction, the core excitation is constant, since the shunt winding is
connected across the regulated circuit. A control winding located on the same core as the series and
shunt windings is used to provide voltage for the tap-changer and control. The maximum range of
regulation of the “raise” side is higher than the maximum range of regulation of the “lower” side,
with 10% being the minimum amount of regulation on the “raise” side. See the schematic diagram
in Figure 8.24.

Usually the choice of Type A or Type B is that of the supplier. However, the user can specify that an
identical regulator design be provided if the application can anticipate the need to parallel with
another unit in the same substation. Paralleling of regulators that are not of identical design can

Series winding

+
S — L Current transformer
3 NN
+
+
VSOURCE =1000 VLOAD =1000 + 10 %
Shunt winding
—  Control winding
y
@
SL

FIGURE 8.24
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cause excessive circulating current between them.
This is true even for short-term operation during
switching, when the units are placed on the same
numerical tap position and the control function
is disabled. Caution: Any paralleling of step-volt-
age regulators (as described in this chapter) that
may operate, even momentarily, on differing tap
positions requires the inclusion of supplemental
system reactance to avoid excessive circulating
current during operation.

8.5 Auto-Booster™

Another type of voltage regulator available in the
industry, in addition to the 32-step single phase,
is the Auto-Booster™ single-phase four-step volt-
age regulator. This voltage-regulating device,
shown in Figure 8.25, is mainly used for boost-
ing voltage on laterals off the distribution system
feeders. The voltage ratings range from 2,400 to
19,920, while the ampere ratings are either 50 A
or 100 A. The design is a 65° winding rise Type
B construction providing +10% or +6% regula-
tion in four steps of 2/4% or 1/4%, respectively.
The tap changer incorporates resistors to provide
the impedance during the switching cycle.

FIGURE 8.25 Single-phase Auto-Booster®™ four-step
voltage regulator.

8.6 Three-Phase Regulators

If feeders have similar load characteristics and load-center voltage requirements—and if the incoming
supply voltage is balanced—then the distribution side of the substation bus can be regulated by a
three-phase regulator. The choice of using a three-phase or three single-phase regulators depends on
several factors, including cost and the need for unbalance correction. With a three-phase unit there is no
capability to correct for voltage imbalances caused by unequal loading. If the load is predominantly
three-phase, or consistently balanced, a three-phase unit may be the better choice. However, most rural
distribution systems contain only a small percentage of balanced three-phase loads. Therefore three-
phase regulators are less common in the industry than the single-phase step-voltage regulators. Chief
among the benefits of single-phase regulation is the ability of the single-phase voltage regulators to
correct system unbalance. Each phase is regulated to a given set point, irrespective of what is going on
with the other two phases.

Basic theory behind the design of three-phase regulators is similar to single-phase regulators.
Essentially, three single-phase regulators are located in the same tank with their tap changers ganged
together and being operated and monitored by one control. The three-phase regulator has only one of its
phases monitored to provide a current and voltage supply to the control. Thus all three phases are
regulated based on the monitoring of one phase. This is fine for a system that has balanced loads on all
three phases. Figure 8.26 shows a three-phase regulator connected to a four-wire system. The phasor
diagram is similar to the one shown in Figure 8.5.

The three-phase voltage regulators, up to 13.8 kV, inclusive, with a continuous-current rating of 668 A
and below, can be loaded in excess of their rated ampere load if the range of voltage regulation is limited
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FIGURE 8.26 Connection of three-phase regulator regulating a three-phase, four-wire, multigrounded wye

circuit.

at a value less than the normal +10% value. Table 8.4 shows the percent increase in ampere load
permitted on each three-phase step-voltage regulator when the percent regulation range is limited to
values of +10%, +8.75%, +7.5%, +6.25%, and +5%.

Three-phase voltage regulators are available in the common ratings shown in Table 8.5.

TABLE 8.4 Increase in Ampere Load Permitted on Each Three-Phase
Step-Voltage Regulator at Five Levels of Voltage Regulation

Range of Voltage Regulation, % Continuous Current Rating, %
10.0 100
8.75 108
7.5 115
6.25 120
5.0 130

TABLE 8.5 Common Ratings for Three-Phase Voltage Regulators

Rated Volts BIL, kV Rated kVA Load Current, A
7,620/13,200 wye 95 500 219
750 328
1000 437
1500 656
2000 874
2500 1093
3000 1312
19,920/34,500 wye 150 500 84
750 126
1000 167
1500 251
2000 335
2500 418
3000 502
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8.7 Regulator Control

The purpose of the regulator control is to provide an output action as a result of changing input
conditions, in accordance with preset values that are selected by the regulator user. The output action is
the energization of the motorized tap changer to change taps to maintain the correct regulator output
voltage. The changing input is the output-load voltage and current from an internal voltage transformer
or control winding and current transformer, as shown previously in Figure 8.23 and Figure 8.24,
respectively. The preset values are the values the regulator user has selected as control parameters for
the regulated voltage. Basic regulator control settings are:

* Set voltage
+ Bandwidth
* Time delay
+ Line-drop resistive and reactive compensation

8.7.1 Set Voltage

The control set voltage is dependent upon the regulator rating and the system voltage on which it is
installed. The regulator nameplate shows the voltage transformer or shunt winding/control ratio that
corresponds to the system voltage. The regulator load voltage is the product of this ratio and the
control set voltage. If the winding ratio of the internal voltage transformer of the step-voltage
regulator is the same as that of a typical distribution transformer on the system, the voltage level
is simply the desired voltage, given on a 120-V base. However, the regulator voltage-transformer ratio
is not always the same, and it may be necessary to calculate an equivalent value that corresponds to
120 V on the distribution transformer secondary. Equation 8.3 can be used to find this equivalent
voltage value.

(Distribution Transformer Ratio)
= : x 120 (8.3)
(Regulator VT Ratio)
For example, if the distribution transformers are connected 7620/120, this gives a ratio of 63.5:1. If
the regulator voltage-transformer ratio is 60:1, the equivalent voltage-level setting, from Equation 8.4, is
found to be:

(63.5)

V'="60)

x 120 =127 V (8.4)

Normally the operator sets the voltage level at a minimum value that is required at the location, which
is usually above the optimum level, e.g., 122 V.

8.7.2 Bandwidth

The bandwidth is the total voltage range around the set-voltage value, which the control will
consider as a satisfied condition. For example, a 2-V bandwidth on a 120-V setting means that
the control will not activate a tap change until the voltage is above 121 V or below 119 V. The
bandwidth is generally kept quite narrow in order to keep the voltage as close as possible to
the desired level. Increasing the bandwidth may reduce the number of tap-change operations, but
at the expense of voltage quality. The regulators in a substation or on a main feeder tend to have
their bandwidths set at a smaller setting than units located on laterals that feed isolated loads.
A minimum bandwidth of two times the volts per tap (5/8% or 0.75 V) of the regulator is
recommended; this correlates to 1.5 V on most regulators.
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FIGURE 8.27 Cascading single-phase voltage regulators.

8.7.3 Time Delay

The time delay is the period of time in seconds that the control waits from the time the voltage goes out
of band to when power is applied to the tap-changer motor to make a tap change. Many voltage
fluctuations are temporary in nature, such as those resulting from motor starting, or even from fault
conditions. It is not desirable to have the step-voltage regulator change taps for these momentary voltage
swings. By specifying a time-delay value of 15 or 30 sec, for example, the regulator will ignore the vast
majority of these temporary voltage swings and only operate when the voltage change is more long term,
such as from adding or subtracting load. A general recommendation is a minimum time delay of 15 sec.
This length of time covers the vast majority of temporary voltage swings due to equipment starting,
cold-load pickup, etc.

The time-delay setting also has another important benefit when attempting to coordinate two or more
regulators in series along the line. One common situation would be to have a regulator bank at the
substation providing whole-feeder regulation, with a line regulator out on the feeder to regulate a
specific load. The substation regulators should be the first to respond to voltage changes on the system,
with the line regulator adjusting as needed for its individual area. By setting the time delay of the line
regulator higher that of the substation bank, the substation bank will respond first and regulate the
voltage as best it can. If the substation regulation is sufficient to return the feeder voltage to within the
bandwidth of the line regulator, that regulator will not need to operate. The suggested minimum
time-delay difference between banks of regulators is 15 sec. This coordination between cascading
banks of regulators, as shown in Figure 8.27, eliminates unnecessary hunting, thus improving efficiency.

8.7.4 Line-Drop Resistive and Reactive Compensation

Quite often regulators are installed some distance from a theoretical load center or the location at which
the voltage is regulated. This means the load will not be served at the desired voltage level due to the
losses (voltage drop) on the line between the regulator and the load. Furthermore, as the load increases,
line losses also increase, causing the lowest-voltage condition to occur during the time of heaviest
loading. This is the least desirable time for this to occur.

To provide the regulator with the capability to regulate at a “projected” load center, a line-drop-
compensation feature is incorporated in the control. Of all the devices in the step-voltage regulator
control system, none is more important—and at the same time less understood—than line-drop
compensation. This circuitry consists of a secondary supply from the internal current transformer,
proportional to the load current, and resistive and reactive components through which this current
flows. As the load current increases, the resulting secondary current flowing through these elements
produces voltage drops, which simulate the voltage drops on the primary line. This causes the “sensed”
voltage to be correspondingly altered; therefore, the control responds by operating upon this pseudo
load-center voltage. To select the proper resistive and reactive values, the user must take into account
several factors about the line being regulated.
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FIGURE 8.28 Voltage profile using voltage-level setting without LDC.

When line-drop compensation is not used, the step-voltage regulator reads the voltage at its own
terminals and compares it with a reference voltage level and bandwidth setting. If the sensed voltage is
outside the set bandwidth, the regulator automatically responds to bring the load-side voltage in line
with the programmed settings. This is the normal operation of a step-voltage regulator that is not using
line-drop compensation. Adjusting the voltage level at the regulator to compensate for a low voltage
away from the regulator near a load center is only a temporary solution for a specific load. Figure 8.28
shows an example of a power-system voltage profile using the voltage-level setting in lieu of line-drop
compensation to improve voltage at a load center.

Therefore, the step-voltage regulator, without line-drop compensation, can hold a reasonably con-
stant voltage at the regulator location only. This is not likely to be the best scenario for most applications
that need a reliable voltage for the entire length of the feeder. The ideal situation is to provide the value
of the voltage-level setting at the primary side of the distribution transformer for all consumers. Since
this is not realistically attainable, the objective would be to provide each consumer a voltage as close as
possible to the voltage-level value for all loads. To do this, the point on the line at which the voltage is
regulated should not be at the regulator but at an area at the center of the majority of the consumers, the
load center. It is not always possible to locate a regulator at the exact location where the regulation is
most needed. Also, the system changes as loads are added and removed over time, and the desired point
of regulation may change. However, it may not be feasible to relocate the regulator bank. By having
line-drop-compensation devices, the regulation point can be changed without having to physically move
a bank of regulators.

In any mode, the regulator monitors a specific voltage and changes taps as needed based on that
voltage level and the existing settings. With line-drop compensation, this monitored voltage can be
modified in such a way as to simulate the voltage at some point further out on the distribution system.
Knowing the peak-load current expected on the line and the size and length of the line to the load center,
the voltage drop at the load center due to resistive and reactive components can be calculated. Inside the
regulator control, the line-drop-compensation device will model that portion of the system between the
load center and the step-voltage regulator. Figure 8.29 shows an example of a power-system voltage
profile resulting from a regulator set up with the line-drop-compensation feature.

When line-drop compensation is used, the correct polarity of the resistance and reactance compon-
ents is necessary for proper regulation. On four-wire wye-connected systems, the polarity selector is
always set for +X and +R values. On delta-connected systems, however, the line current is 30° displaced
from the line-to-line voltage (assuming 100% power factor). On open-delta-connected regulator banks,
one regulator is 30° leading, the other is 30° lagging. On closed-delta regulator banks, all regulators in a
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FIGURE 8.29 Voltage profile using voltage-level setting with LDC.
given bank will be either leading or lagging. As a result of this displacement, the polarity of the
appropriate resistive or reactive element must sometimes be reversed. The setting of the selector switch

would be set on the +X + R, —X + R, or +X—R setting. A number of publications are available from
manufacturers to assist in determining the variables needed and the resulting calculations.

8.8 Unique Applications

Most step-voltage regulators are installed in circuits with a well-defined power flow from source to load.
However, some circuits have interconnections or loops in which the direction of power flow through the
regulator may change. For optimum utility system performance, step-voltage regulators, installed on
such circuits, have the capability of detecting this reverse power flow and then sensing and controlling
the load-side voltage of the regulator, regardless of the direction of power flow.

In other systems, increasing levels of embedded (dispersed) generation pose new challenges to utilities
in their use of step-voltage regulators. Traditionally, distribution networks have been used purely to
transport energy from the transmission system down to lower voltage levels. A generator delivering
electricity directly to the distribution network can reverse the normal direction of power flow in a
regulator. Options in the electronic control of the step-voltage regulator are available for handling
different types of scenarios that give rise to reverse power-flow conditions.
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Addendum

Constant-voltage transformers (CVT) have been used for many years, primarily as a noise-isolation
device. Recently, they have found value when applied as a voltage-sag protection device for industrial
and commercial facilities. The purpose of this section in the handbook is to give power-system engineers
and facility engineers who are unfamiliar with the CVT technology (also known as ferroresonant
transformers) the insights and information necessary to determine the types of electric-service-supply
events that CVTs can mitigate. Items covered in this chapter include operation, characteristics, appli-
cations, specifications, and sizing guidelines of CVTs. The goal here is not to duplicate information
currently available but, rather, to collect information into a single location and then supplement it to

provide:

* Adequate information and procedures to applications personnel in effectively selecting CVTs for

voltage-sag ride-through protection

* Application notes to demonstrate how CVTs can improve process voltage-sag ride-through
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9.1.1 History of Constant-Voltage Transformers

The industrial use of constant-voltage transformers (also called CVTs and ferroresonant transformers)
goes back to the early 1940s. Living in the U.S. during the 1930s, Joseph G. Sola, a German-born
engineer, discovered the CVT technology [1,2] based on a single transformer rather than an arrangement
of transformers, separate filters, and capacitors. This innovation provides several important advantages:
its inherent robustness (CVT consists of just three or four windings and a high-reliability capacitor), its
imperviousness to continuous short circuits (whether it is turned on into a short circuit or from full
load), and its capability to maintain output-voltage stabilization on a cycle-to-cycle basis for signifi-
cantly large overvoltages and undervoltages.

Sola was both a farsighted inventor and successful businessman. Internationally recognized as the
pioneer of transformer magnetics technology, his inventions and subsequent refinements of other
electronic equipment were considered revolutionary by the electrical industry. Sola’s first transformers
for furnace-ignition systems and neon lighting, based on the unique application of ferroresonant
principles, led in 1938 to his invention of the CVT. This timely discovery was eagerly accepted by
prime military contractors during World War II and established Sola as a world leader in voltage
regulation. Sola was awarded a total of 55 U.S. patents during his lifetime, including five patents each
for CVTs, Solatrons, and electronic power supplies, and 19 patents for high-intensity-discharge lighting
ballasts.

Throughout the last six decades, a series of applications has been found for products based on Sola’s
CVT technology. It is one of the most cost-effective ac power conditioners available.

9.1.2 What Is a Constant-Voltage Transformer?

A well-known solution for electrical “noise” in industrial plants has been the constant-voltage trans-
former, or CVT (see Figure 9.1).

The typical components of a CVT are shown in Figure 9.2. The magnetic shunt on the central core
has the following effects on the core’s reluctance. It reduces the reluctance of the core. This can be
thought of as introducing more resistance in parallel to an existing resistance. The magnetic shunt in the
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FIGURE 9.1 Typical constant-voltage transformer.
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FIGURE 9.2 Components of a typical constant-voltage transformer.

CVT design allows the portion of the core below the magnetic shunt to become saturated while the
upper portion of the core remains unsaturated. This condition occurs because of the presence of the air-
gap between the magnetic shunt and the core limbs. Air has a much higher reluctance than the iron core.
Therefore, most of the flux passes through the lower portion of the core, as shown by the thick lines in
Figure 9.2. In terms of an electrical analogy, this configuration can be thought of as two resistances of
unequal values in parallel. The smaller resistance carries the larger current, and the larger resistance
carries the smaller current.
The CVT is designed such that:

* The lower portion of the central limb is saturated under normal operating conditions, and the
secondary and the resonating windings operate in the nonlinear portion of the flux-current curve.

* Because of saturation in the central limb, the voltage in the secondary winding is not linearly
related to the voltage in the primary winding.

There is ferroresonance between the resonating winding on the saturated core and the capacitor. This
arrangement acts as a tank circuit, drawing power from the primary. This results in sustained, regulated
oscillations at the secondary with the applied line frequency.

9.1.3 The Working of a Constant-Voltage Transformer
The working of a CVT can be explained with two physical phenomena:

+ Saturation of the ferromagnetic core
+ Ferroresonance

9.1.3.1 Saturation of Ferromagnetic Core

A flux-current curve is shown in Figure 9.3 [4]. In the linear portion of the curve, as the current
increases, the magnetic-flux density increases. However, a point is reached where further increases in
current yield smaller and smaller increases in flux density. This point is called the saturation point (see
Figure 9.3) and is characterized by a dramatic reduction in the slope of the curve. In fact, the curve is no
longer linear. Because the slope of the flux-current curve is proportional to the inductance of the coil,
the reduction in the slope causes reduction in the inductance. The new inductance may be 100 times less
than the inductance in the linear portion of the curve.

As shown on the hysteresis curve in Figure 9.3, the magnitude of current that causes the iron to go
into saturation is not the same as the magnitude at which the iron comes out of saturation. The
boundary between linear operation and saturated operation is not fixed but, instead, depends on the
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FIGURE 9.3 Flux-current curve with hysteresis curve.

previous values of that current. The hysteresis phenomenon is a fundamental property of ferromagnetic
materials. Hysteresis occurs because of residual flux density stored in the iron that must be overcome
when the current changes direction. It should be noted that, for a particular value of flux, there are two
values of current for which the core would be in saturation.

9.1.3.2 Ferroresonance

Most engineers are well versed with linear resonance (referred to simply as resonance). In a circuit,
capacitive and inductive reactances (Z¢ and Zp, respectively) are calculated as shown in Equation 9.1 and
Equation 9.2. Resonance occurs when the inductive and capacitive reactances of a circuit exactly balance.
The resonating frequency is calculated as shown in Equation 9.3.

1

[ ——— 9.3)

The inductance value used in Equation 9.2 and Equation 9.3 refers to the unsaturated or linear value of
the inductor. However, the case when the core is saturated needs special consideration. If the inductor
core is saturated, the relationship between flux (¢) and current (I) is no longer linear, and the
inductance value is no longer a single value (L). The inductance in the nonlinear portion of the flux-
current curve is not fixed and cannot be represented by a single value. Once the ferromagnetic
inductance “enters” into saturation, it remains saturated until the current magnitude reduces. If the
inductance when saturated causes a resonance (i.e., results in an inductive reactance that matches
the capacitive reactance in the circuit), this phenomenon is called “ferroresonance.” At the ferroresonance
point, the current magnitude can increase dramatically, further driving the iron into saturation. If
the current is constantly fed (as happens in a CVT), a stable resonant point is obtained [5]. If, at
ferroresonance, the inductor value is Lg, the resonant frequency (fs) is given by Equation 9.4.
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1

fs= oVIC (9.4)
It should be noted that Ls<< L. The ferroresonant frequency can be either system frequency or a
subharmonic of it. (Note: See Addendum, Section 9.7 for tutorial description of a ferroresonant circuit.)
If the current (I) drops below the saturation point, the inductance Ls “comes” out of saturation and the
value changes back to L. Again, magnetic hysteresis causes the precise points where the inductor goes
into and out of saturation to be different.

The salient features of ferroresonance are:

* Resonance occurs when the inductance is in saturation.

* As the value of inductance in saturation is not known precisely, a wide range of capacitances can
potentially lead to ferroresonance at a given frequency.

* More than one stable, steady-state response is possible for a given configuration and parameter
values [6].

A schematic of a constant-voltage transformer is shown in Figure 9.4.

In the ferroresonant circuit of a constant-voltage transformer, more than one steady-state response is
possible for a given configuration and parameter values. This phenomenon (referred as “jump resonance”)
is described next.

The y-axis in Figure 9.5 is the CVT’s output voltage at the secondary terminals, while the x-axis is the
CVT’s input primary voltage. There are three possible modes of behavior, depending on the level of the
input voltage. At input voltage V, the CVT operates in nonsaturation mode. The secondary responds
linearly to the primary supply. Note that this mode is used in a conventional transformer but is
undesirable in a CVT.

At input voltage V,, there are three outputs denoted by V,1, Vy,, and V,3. Outputs V,,; and V3 are
both stable states. Output V,,; corresponds to the normal state, whereas V,; corresponds to ferroresonant
state. Qutput V,,, is an unstable state that cannot be obtained in practice. Whether CVT output is V,,; or
Vo3 depends on the initial value of residual flux and voltage at the capacitor terminals. The phenomenon
where the output voltage either suddenly changes to the regulating mode of operation at some value of

Primary Primary section
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Air gap winding
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Secondary section ——
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Resonant winding

FIGURE 9.4 Schematic of a constant-voltage transformer.
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the ascending input voltage, or suddenly drops out of the regulating mode of operation with descending
input voltage, is called jump resonance [7]. The jump resonance is a factor during dynamic supply-
voltage conditions. This is discussed in detail when the applications of a CVT are considered (Section
9.2). At input voltage V3, the CVT operates in ferroresonant mode. The CVT must operate in this mode
for proper operation.

9.1.4 Voltage Regulation on the Customer Side

The purpose of a voltage regulator is to maintain constant output voltage to the load in the face of
variations in the input line voltage. In the past, however, voltage regulation was usually not a primary
requirement for sensitive loads within end-user facilities. For instance, the Computer and Business
Equipment Manufacturers Association (CBEMA) curve (see Figure 9.6) indicates that computer equip-
ment should be able to handle steady-state voltage variations in the range of 87 to 106% of nominal.
(Note that the CBEMA organization has been assumed by Information Technology Industry Council
[ITIC] group.) However, with increased user-equipment sensitivity and the industry’s dependency on
sophisticated process-control devices in manufacturing, some types of equipment may have more
stringent voltage-regulation requirements than the regulation tolerances specified. Also, the particular
electric-service supply point may not be compatible with the connected electric load. In these cases, it is
usually prudent to implement voltage regulation at the end-user’s equipment level.

Many of the present voltage-regulation technologies can also provide mitigation of other power-
quality problems (e.g., voltage-sag ride-through improvement or isolation for transient overvoltages).
There are seven basic devices in use today. These include:

* Motor-actuated voltage regulator—Generally inexpensive, these devices can handle high kVA
loads, but they are slow to respond to changes in the electric-service supply and can only correct
for gradual load changes. See Chapter 8, Step-Voltage Regulators.

+ Saturable reactor regulator—Relatively inexpensive and with a wide load-kVA range, these devices
have a sluggish (five to ten cycles) response time, high output impedance, and are sensitive to a
lagging-load power factor.

* Electronic tap-changing transformers—These devices use triacs or silicon-controlled rectifiers to
change taps quickly on an autotransformer. They respond in 0.5 cycle and are insensitive to load
power factor and voltage unbalances.

+ Automatic voltage regulator—These devices function as an uninterruptible power supply with no
energy storage. They have a fast response time (1 to 2 ms), but the need for a fully rated 60-Hz
transformer can make their cost unacceptably high.
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FIGURE 9.6 Voltage-tolerance envelope specified by the Computer and Business Equipment Manufacturers
Association. Note: This is reproduced from IEEE Std. 446 (Orange Book).

*+ Hybrid electronic voltage regulator—These devices use a series transformer and a power con-
verter to accomplish the voltage-regulation function.

* Soft-switching automatic voltage regulator—These devices combine the high performance of
active line filters with the lower cost of the more-conventional solutions. The electromagnetic
interference generated by these units is low in spite of the high-frequency switching employed.

+ Constant-voltage transformer (ferroresonant transformers)—Appropriate application of a CVT
can handle most low-frequency disturbances, except for deep sags or outages. Detailed descrip-
tions of these devices are provided in the subsequent sections.

9.1.5 What Constant-Voltage Transformers Can and Cannot Do

CVTs are attractive power conditioners because they are relatively maintenance-free; they have
no batteries to replace or moving parts to maintain. They are particularly applicable to providing
voltage-sag protection to industrial process-control devices such as programmable logic controllers
(PLC), motor-starter coils, and the electronic control circuits of adjustable-speed drives.

Ongoing research [3] has demonstrated power-quality attributes of CVTs that include filtering
voltage distortion and notched waveforms. Figure 9.7 depicts typical distorted and notched input
voltages versus the filtered CVT output. Also, a CVT can practically eliminate oscillating transients
caused by capacitor switching and can significantly dampen impulsive transients caused by lightning (see
Figure 9.7).

To ensure full protection of sensitive electronic loads, CVTs may need to be coupled with other devices
designed to mitigate dynamic disturbances. In addition, CVTs have been used for years for voltage
isolation as well. Many plants install CVTs for voltage regulation. CVTs also offer protection for
voltage swells. If properly sized, a CVT can regulate its output voltage during input voltage sags to
60% of nominal voltage for virtually any duration (see Figure 9.8).
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However, many commercial and industrial
facilities are not aware of most of the CVT’s
attractive features. At the same time, the CVT
technology also has some negative character-
istics, which in some applications may possibly
outweigh its benefits. Some of these include:

+ CVTs are not effective during momentary
voltage interruptions or extremely deep
voltage sags (generally below 50% of
nominal).

Because CVTs have relatively high output
impedance, they produce large output
drops during high current demands. As a
result, conventionally sized CVTs cannot
handle significant changes in current and
are more attractive for constant, low-
power loads.

Because CVTs are physically large devices,
it is not always practical to install this type
of device in either a small-office or home

environment.

+ CVTs produce heat and noticeable
operating hum and are sensitive to line-
frequency variations.

* CVTs can have relatively poor efficiency
and high losses for light loading conditions.

9.2 Applications

Constant-voltage transformers have proven to be
a reliable means of enhancing voltage-sag toler-
ance of industrial process-control elements
such as relays, contactors, solenoids, dc power
supplies, programmable logic controllers (PLCs),
and motor starters. As mentioned earlier,
while the CVT tends to work well for voltage
sags, they are not a good solution for momentary
interruptions. Additionally, there are sizing and
fault-protection issues associated with proper
application of the CVT, particularly when the
output loads demand high-inrush starting
currents. Specific issues that will be addressed
in the subsequent sections include:

* Relationship between CVT input and output voltage under steady-state and dynamic supply

conditions

* Relationship between CVT sizing and load size to enhance sag tolerance of a given load

* Impact of load inrush current on CVT sizing; output performance during various loading

conditions
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* Effect of different vendor designs in enhancing voltage-sag ride-through; three-phase designs
versus single-phase designs

9.2.1 Application Considerations—Sizing Guidelines

Because the type of loads connected to a single CVT can range widely, the startup and steady-state
operational characteristics of each load must be well understood before deciding on the appropriate
power rating of a CVT. A load draws inrush current when it is first turned on or when it cycles on and off
during normal process operation. If a CVT is sized [8] without considering the inrush currents of all
connected loads, the CVT may be inadequately sized for the inrush current. Thus, during the startup or
cycling of a connected load, the CVT output voltage may sag, causing other sensitive loads connected to
the same CVT output voltage to shut down.

The ability of a CVT to regulate its output voltage is generally based upon two characteristics of the
connected loads, both of which are related to current and both of which must be determined to properly
size a CVT. The first characteristic is the amount of steady-state current drawn by all connected loads
during their normal operation. As shown in Figure 9.9, the lower the ratio between the actual current
drawn by the connected loads and the rated current of the CVT, the better the CVT can regulate its
output voltage during dynamic load-switching events. As an illustration, a 1-kVA CVT loaded to 1 kVA
will not mitigate voltage sags nearly as well as the same CVT loaded to 500 VA, and performance is even
better if the same 1-kVA CVT is only loaded to 250 VA. Moreover, according to results of CVT testing at
the Electric Power Research Institute’s Power Electronics Application Center (known as EPRI PEAC), a
CVT rated at less than 500 VA may not be able to handle even moderate inrush current. Therefore, a
minimum CVT rating of 500 VA is recommended.

The second characteristic of a CVT load is the load’s inrush current. Values for inrush current and
steady-state current of the connected loads will enable a CVT to be properly sized.

A procedure to find the proper CVT size is described below:

1. Measure or estimate the total steady-state current drawn by the load and multiply this value by
the circuit voltage to get steady-state VA. For optimum regulation during input-voltage sags, the
VA rating of the CVT should be at least 2.5 times the steady-state VA calculated.

2. Measure the highest peak inrush current and multiply this value by the circuit voltage to get
the worst-case inrush VA for all loads. For good sag regulation of the CVT output voltage
during load starting or cycling, the VA rating of the CVT should be at least half of the
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FIGURE 9.9 Typical performance of a constant-voltage transformer (CVT) as a function of load; as the CVT load
increases, the ability of the CVT to regulate its output voltage decreases.
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TABLE 9.1 Typical Sizing Worksheet for a Constant-Voltage Transformer

Measured Steady-State Current, Measured Peak Inrush
CVT Circuit or Load A rms Current, A (1 msec)
Programmable logic controller 0.16 14.8
Programmable logic controller 0.36 10.8
5-V, 12-V power supply 1.57 29.1
24-V power supply 1.29 14.4
NEMA size 3 motor starter 0.43 9.9
NEMA size 0 motor starter 0.13 3.1
Ice-cube relay 0.05 0.2
Master control relay 0.09 1.8

Computational Section

Sum of steady-state rms currents 4.08

Circuit voltage x 120

Steady-state load VA = 490 x2.5 = 1225
Highest peak inrush current 29.1

Circuit voltage x 120

Inrush load VA = 3492 x0.5 = 1746

Note: Use the larger of the steady-state load VA (1225 in this example) and the inrush load VA (1746 in this
example) to determine the CVT size.

maximum inrush VA. Recommended size of the CVT is based upon the larger of the two VA-
rating calculations.

3. Add together all the steady-state currents and then multiply the resulting value by the circuit
voltage to get the combined steady-state VA of all CVT loads. Then, select the highest peak-
inrush-current measurement and multiply this value by the circuit voltage to get the worst-case
inrush VA for all loads. For optimum regulation during input-voltage sags, the VA rating of
the CVT should be at least 2.5 times the steady-state VA. For example, if the steady-state VA
calculation is 490 VA, then the recommended size of the CVT would be 1225 VA or more. For
good sag regulation of the CVT output voltage during load starting or cycling, the VA rating of
the CVT should be at least half of the maximum inrush VA calculated. For example, if the
maximum inrush VA is 3.49 kVA, then the optimum size of the CVT would be 1.75 kVA or more.
A typical sizing worksheet for CVTs with measured data and calculations is shown in Table 9.1.

9.2.2 Application Considerations—Output Performance under Varying
Supply Conditions

A series of structured tests have been performed using a 1000-VA, 120-V, single-phase CVT. The
following results of these tests provide insight on the operational characteristics of CVTs. These tests
were designed to characterize the regulation performance of a constant-voltage transformer during
amplitude and frequency variations in the ac input voltage and to determine its ability to filter voltage
distortion and notching. The tests were performed at the EPRI PEAC power-quality test facility [9]. The
CVT was energized for more than 30 min before each test to stabilize its temperature.

9.2.2.1 Performance: Regulation

The CVT was tested for its ability to regulate variations in input voltage amplitude at both half- and full-
load levels for the three load types given in Table 9.2. The mixed nonlinear load was a combination of
purely resistive loads and a 187-VA nonlinear load with a 0.85 power factor, resulting in a composite true
power factor of 0.99. The amplitude of the ac input voltage was varied from 96 Vac (80% V nominal) to
144 Vac (120% V nominal) in 6-V increments.
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TABLE 9.2 Characteristics of Load Type Used in the Test

Load Type
Resistive Resistive /Inductive Mixed Nonlinear
Measured Characteristic 1 Load Full Load 1 Load Full Load 1 Load Full Load
Apparent power, VA 435 953 475 948 603 993
True power factor 1.00 1.00 0.79 0.79 0.99 0.99
Displacement power factor 1.00 1.00 0.80 0.79 1.00 1.00

The input voltage and resulting output voltage of the CVT for each load type are shown in Figure 9.10.
The ferroresonant transformer effectively reduces or eliminates the effects of several kinds of voltage
variations in the electric-service supply. When the amplitude of the input voltage was varied +20%, the
fully loaded transformer had an output voltage well within ANSI-C84.1 limits (from +6% to —13%).

9.2.2.2 Performance: Frequency

The CVT was half loaded with a purely resistive load. While the input voltage was fixed at 120 V, the
frequency of the ac input voltage was varied from 50 Hz to 70 Hz in 1-Hz increments. The output
voltage amplitude changed proportionally with the changed in input frequency, ranging from 80% V
nominal voltage at 50 Hz to 120% V nominal voltage at 70 Hz (see Figure 9.11).

9.2.2.3 Performance: Harmonics

To test the ability of the transformer to filter out harmonics, a distorted input voltage (15.29% V total
harmonic distortion [THD]) with 15.1% third-harmonic content was applied. The resulting output
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114

£ Resistive load

110 1+
& -
£ 122 —/
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S 118 +
g T —_ Half load
S 114 — Full load
2 e Resistive/inductive load
5 110 —t—t—t—t—+—+—
o o4

-+ Mixed nonlinear load
110 —t—t—t—t—+—+—

96 108 120 132 144
Input voltage (volts)

FIGURE 9.10 Output-voltage regulation with varying input ac voltage.
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FIGURE 9.11 Output-voltage amplitude resulting from variations in frequency of the ac input voltage.

harmonic distortion was 2.9%, with mostly fifth-harmonic content (2.3%). The distorted input voltage
and the filtered output voltage is shown in Figure 9.12.
9.2.2.4 Performance: Notching

A notched voltage was applied to the input of the fully loaded transformer. As shown in Figure 9.12, the
transformer successfully filtered the notched input voltage.

9.2.3 Application Considerations—OQOutput Performance under Dynamic
Supply Conditions

The objective of this application was to characterize the CVT performance during power system
disturbances such as momentary interruptions, sags, phase shifts, capacitor switching, and lightning
strikes [10]. The CVT was connected to a full, purely resistive load.

9.2.3.1 Performance: Voltage Interruption

The CVT was subjected to voltage interruptions lasting from 0.5 to 5 cycles and adjusted in 0.5-cycle
increments. Switching from the normal supply voltage source to an open circuit created each interrup-
tion. The input and output voltages of the transformer during a three-cycle interruption are shown in
Figure 9.13.

During the three-cycle interruption, the CVT dropped out of the regulating mode (refer to jump
resonance shown in Figure 9.5), and the output voltage decreased as the resonant capacitor in the CVT

Distorted input Ferro output

Notched input Ferro output

FIGURE 9.12 Output voltages resulting from distorted and notched input voltages at full load.
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FIGURE 9.13 Output voltages (labeled ferro-output) resulting from voltage interruption, sag, and phase shift on
the input.

discharged. When the input voltage returned to normal, an overshoot occurred on the output voltage as
the resonant capacitor recharged. Note that the CVT does not act as an uninterruptible power supply,
which is designed to eliminate the effect of an interruption on the electric service supply, but it does
slightly decrease the effect of an interruption by reducing it to a deep voltage sag. In conclusion, a CVT
can moderately mitigate, but not eliminate, the effects of momentary voltage interruptions.

9.2.3.2 Performance: Voltage Sag

To simulate a fault in the load’s electric-service supply, the input voltage to the CVT was decreased to
90%, 70%, and 58% of nominal voltage for one, two, three, four, and five cycles. The variations in the
output voltages were measured and recorded for each of the applied voltage sags. Figure 9.13 shows the
CVT’s input and output voltage waveforms down to 58% nominal voltage for sags lasting three cycles. In
general, the input voltage sags produced output voltage sag having approximately the same duration but
smaller sag depth. For example, during the nominal voltage sag to 58%, the CVT stayed in the regulation
mode and reduced the effect of the sag to approximately 20% of nominal voltage lasting three cycles.
Again, the recharging of the resonating capacitor caused an overshoot when the input voltage returned
to normal.

9.2.3.3 Performance: Voltage Phase Shift

To simulate the effects of a large load being switched off near the end of a long electric-service supply
feeder, the input voltage of the CVT was shifted forward 10° while the input and output voltages were
monitored and recorded. The phase shift occurred at the positive peak of the input voltage (see Figure
9.13). The resulting phase shift in the input voltage caused the output voltage to briefly swell. The CVT is
sensitive to voltage phase shifts in the electric-service supply.

9.2.3.4 Performance: Oscillating Transient

A transient caused by capacitor switching was simulated with a 500-Hz ring wave with a peak magnitude
of 1 per unit and duration of 10 ms. The ring wave was applied to the positive peak of the input voltage.
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FIGURE 9.14 Output voltages resulting from oscillating and impulsive transients in the input voltages.

Figure 9.14 shows the input voltage with the ring-wave transient and the output voltage with a small
impulsive transient.

9.2.3.5 Performance: Impulsive Transient

To simulate a lightning strike, a 2-kV, 1.2/50- s combination wave (as described in ANSI C62.41-1991)
was applied to the positive peak of the input voltage. As shown in Figure 9.14, the CVT significantly
damped and filtered the surge.

9.2.4 Application Considerations—CVT Electrical Characteristics during
Linear and Nonlinear Loading

The objective of this application was to characterize the CVT as a load while the CVT supplied a simple
linear load and while it supplied a complex nonlinear load [11]. In the following tests, the CVT was
connected first to a simple linear load and then to a complex nonlinear load. An electric-service supply
source with an average total harmonic distortion in the voltage of 3% supplied power to the CVT during
all tests.

9.2.4.1 Performance: Line Current Distortion

A resistive linear load consisting of incandescent lamps was connected to the output of the CVT. The
load was increased in ten equal increments from 0 to 8.3 A (output current rating of the CVT). Next, a
bridge rectifier (such as the type that might be used in electric-vehicle battery chargers) was connected to
the CVT. The rectifier and its resistive load (incandescent lamps) were the complex nonlinear load of the
CVT. By adding lamps, this complex load was increased in ten equal increments from approximately
0.4 A (rectifier with no lamps connected) to 8.3 A. Figure 9.15 and Figure 9.16 show the line-current
distortion during these tests compared with the line-current distortion for the same loads connected
directly to the electric-service supply. At no load, the power consumption of the CVT was approximately
120 W (core losses only). With the full linear load, total losses increased to approximately 134 W (core
losses plus load losses); with the full nonlinear load, total losses dropped to approximately 110 W.
Notice in Figure 9.15 and Figure 9.16 that, while the y-axis current-distortion magnitudes are
significantly different, the absolute current-distortion values of the CVT’s input current with either
linear or nonlinear load is nearly identical. Current distortion at the CVT’s input terminals was
practically independent of the type of load connected to the output (approximately 40% at no loading
to approximately 5% at full loading). When a linear, low-distortion load was connected to the CVT
output, the CVT contributed to the current distortion at its input terminals from the electric-service
power source, particularly during low loading. When a nonlinear, high-distortion load was connected,
the CVT substantially reduced load-current distortion. When fully loaded, the CVT had relatively small
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FIGURE 9.15 Line-current distortions for a linear load.
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FIGURE 9.16 Line-current distortions for a nonlinear load.

power consumption and an efficiency of 85% to 90%. As opposed to most voltage regulators, the losses
of the CVT decreased as the nonlinear load increased. The CVT also significantly affected the power
factor of the load.

9.2.4.2 Performance: Power Factor

For both linear and nonlinear loads, the size of the load affected the input power factor of the CVT.
While the CVT was loaded at less than 40%, of its output power rating (approximately 3.3 A), the power
factor ranged from 0.65 to 0.95. While the CVT was loaded at greater than 40%, the power factor was
greater than 0.95 for the linear load and greater than 0.90 for the nonlinear load. For the linear load,
the power factor crossed from lagging to leading at approximately 60% load (approximately 5 A). Figure
9.17 and Figure 9.18 show the power factors for the linear and nonlinear load (without and with the
CVT), respectively. The CVT significantly affected the power factor of the load. At low loading,
the nonlinear load without the CVT had a power factor as low as 0.44. With the CVT, the total power
factor of the nonlinear load ranged from 0.61 to near unity. However, when loaded at less than 50%, the
CVT significantly reduced the power factor for the linear, resistive load, which normally has a unity
power factor. Note that in most CVT applications, the aggregate facility loading is significantly small, so
it would not be prudent to attempt any power-factor correction at individual CVT operating loads.
Power-factor-correction initiatives should be accomplished at the electric service meter of the facility.

© 2006 by Taylor & Francis Group, LLC.



Total power factor
o
o]
o
|
l

— . Power factor without CVT

Power factor with CVT

0.83 2.49

4.15 5.81 7.47

Resistive load current (A)

FIGURE 9.17 Power factor for a linear load.

Total power factor
|

- — — -Power factor without CVT

Power factor with CVT

|
I
0.83 2.49

4.15 5.81 7.47

Rectifier load current (A)

FIGURE 9.18 Power factor for a nonlinear load.

9.2.5 Application Considerations—Using Three-Phase Input

One of the drawbacks of using a CVT is its inability to protect equipment from voltage interruptions. A
traditional CVT can protect equipment down to approximately 40% of nominal voltage. A company in
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FIGURE 9.19 Schematic of a ride-through trans-
former.
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the midwestern U.S. has introduced a prototype CVT
that protects equipment from deep voltage sags and
brief power interruptions. As shown in Figure 9.19,
the ride-through transformer (RTT) is designed to
protect single-phase process controls. Unlike trad-
itional CVTs, the RTT uses all three phases of supply
voltage as its input. This enables the RTT to access
energy in unsagged phases of the supply voltage dur-
ing one- or two-phase voltage sags and interruptions.
EPRI tested the prototype, 1-kV, 480-V RTT [12]
to determine its ability to protect process controls
during single-phase, two-phase, and three-phase volt-
age sags and interruptions. The particular prototype
acquired for testing was connected to a load bank
that consisted of a mixture of 12 industrial control
components: ice-cube relays, motor starters, contac-
tors, a programmable logic controller, a linear dc
power supply, and a switch-mode power supply.
The test results revealed that the prototype RTT
protected the connected process controls from most



of the applied voltage sags and interruptions. Besides, it was observed that RTT performance greatly
depended on the phase configuration (that is, single-, two-, or three-phase) of the voltage sags or
interruption and, to a much lesser extent, on the loading of the RTT output. It was observed that the
RTT performed like a typical CVT during three-phase voltage sags. Figure 9.20a and Figure 9.20b show
the response of an RTT to phase-to-neutral and phase-to-phase sags.

To get the most out of a CVT with a three-phase input, the most trouble-free voltage phases of the
electric-service supply will have to be determined. For example, if most voltage sags occur on phase A or
B, then the center tap on the transformer primary should be connected to phase C. Although this
prototype transformer promises to retail at a price substantially higher than the price of a traditional,
single-phase CVT, the price differential can be greatly reduced by a reduction in size. Because the
performance of a traditional CVT greatly depends upon loading, CVTs are often oversized for the
connected load. A smaller but more loaded RTT should be able to perform as well as the derated,
traditional CVT.

9.3 Procurement Considerations

This section describes what to look for when purchasing CVTs; typical prices of various CVT ratings; and
typical sizes, weights, efficiencies, and service conditions of CVTs.

9.3.1 What to Look for When Purchasing a Constant-Voltage Transformer

Most CVT manufacturers guarantee their products will meet their published specifications [2]. In
general, most CVTs are specified to recognized industrial standards, and under well-defined conditions
(agreed to by the CVT manufacturer) they may be capable of operating outside their published limits.
Although CVTs are highly reliable and are effective at stabilizing variations in the electric-service supply,
it would be prudent to review the following application issues with each CVT manufacturer before
purchasing a CVT:

9.3.1.1 Effect of High Input and High Output Voltages upon Operation of Input
Protection Devices

Establish the proper input fuse and/or circuit-breaker rating required for the application. Identify with
the CVT manufacturer what the maximum primary rms current is under secondary short-circuit
conditions for determining the rating of the fuse or circuit breaker. Be aware that sizing fuses and
circuit breakers for conventional transformers is not applicable when sizing fuses and/or circuit breakers
for CVTs. This is because CVTs are high-impedance units (typically ten times higher than a control
transformer) compared with the equivalent-rated conventional transformer. Therefore, it is essential
that the guidelines in the CVT manufacturer’s specification should be consulted before finalizing the fuse
sizing and/or circuit-breaker rating requirements.

With the correct input fuse or circuit breaker, the application should work fine until the protection
opens at approximately 150% of the nominal input voltage. In some cases, after the circuit
protection opens, the CVT’s output voltage will rise with increasing input at approximately 20% of
the increase (that is, the output voltage may go up 1% for each 5% the input voltage rises). This
situation may “overvoltage” the load you want to protect. That’s why this issue should be discussed with
each CVT manufacturer.

9.3.1.2 Operating at Low Input Voltage

If the CVT is operated at significantly lower input voltage continuously, the output voltage will sag as the
input voltage sags. Underloading the CVT unit will greatly improve the output voltage performance of
the CVT. Discuss with each CVT manufacturer to what extend the CVT would have to be “underloaded”
to prevent this situation from occurring.
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FIGURE 9.20 (a) Performance of a ride-through transformer (RTT) during a ten-cycle voltage interruption and
voltage sag. Voltage regulation of an RTT during a single-phase voltage interruption (top: input; bottom: output). (b)
Performance of a ride-through transformer (RTT) during a ten-cycle voltage interruption and voltage sag. Voltage
regulation of an RTT during a two-phase ten-cycle voltage sag to 60% of nominal (top: input; bottom: output).
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9.3.1.3 Nonsinusoidal Input Voltage

If the correct pure fundamental-frequency voltage is applied to the CVT, it will operate. Also, most CVTs
can tolerate an input-voltage THD up to 25% or even a square-wave input for short-term durations.
Discuss with each CVT manufacturer how their CVT will perform with various levels of voltage THD
versus application duration. It would also be good to request the CVT’s range of input-frequency
variance versus the CVT’s output-voltage variance characteristics.

9.3.1.4 Overloading

Depending on the actual level of the CVT’s input voltage, the CVT may deliver up to 50% more power
than specified. Beyond this level, the CVT will protect itself by reducing the output voltage progressively
until it reaches nearly zero. The CVT can be operated into a short circuit indefinitely. Whether the CVT
can handle the inrush current of any single load or group of loads will depend on the sequencing of the
loads and the aggregate inrush-current level. To establish the proper CVT rating for the intended
application, discuss both the steady-state and dynamic inrush-current profiles with each CVT manu-
facturer.

9.3.1.5 Non-Unity-Power-Factor Loads

Linear inductive loads depress the CVT’s output voltage and can usually be corrected by adding load
capacitors. Linear capacitive loads have the opposite effect on CVTs. If the loads are nonlinear, ask each
CVT manufacturer how its CVT will be affected.

9.3.1.6 Switching Loads

Ordinary switched-mode power supplies (SMPS) are particularly suited to be used with most CVTs. But
when CVTs have “self-adjusting” arrangements, care must be taken because problems could arise with
some dimmer or phased-controlled load circuits. In these kinds of applications, each CVT manufacturer
should specifically document its CVT product’s performance regarding the CVI’s compatibility with
dimmer and phased-controlled loads.

9.3.1.7 Low-Ambient-Temperature Performance

Most CVTs can tolerate ambient temperatures down to 0°C. Lower than 0°C, the capacitor becomes the
limiting factor. If the ambient temperature of the intended CVT application is less than 0°C, discuss the
application with each CVT manufacturer on what CVT modifications are possible for operating the CVT
at less than 0°C.

9.3.1.8 High-Ambient-Temperature Performance

Most CVTs can tolerate ambient temperatures up to 50°C. Short-term operation at temperatures up to
70°C may be possible. Again, the capacitor becomes the limiting factor. If the intended CVT application
is at temperatures higher than 50°C, discuss the application with each CVT manufacturer on what CVT
modifications are possible for operating the CVT at greater than 50°C. Note that most CVT manufac-
turers report that for every 5°C above 50°C, expect the life expectancy of the CVT to be halved from the
calculated 300,000-h mean time before failure (MTBF).

9.3.1.9 High-Humidity Performance

Most CVTs can operate at 90% relative humidity without problems. If the CVT has been stored at 100%
relative humidity, it probably will require drying out before starting up. Discuss with each CVT
manufacturer its proposed procedures for drying out CVTs and the consequences of operating the
CVT continuously at relative humidity greater than 90%.
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9.3.1.10 Failed-Capacitor Performance

If the CVT unit has several capacitors and one fails, the CVT may still provide reduced power. Shorted
capacitors will stop the CVT’s operation, but open-circuit capacitor failures can be tolerated. Prob-
lems will occur at CVT turn-on if the unit is operated at high input voltage and light loads when
a capacitor has failed. If the CVT makes a “humping” or “motor-boating” noise, the CVT should
be turned off and then on again. The effects of failed capacitors on each manufacturer’s CVT
may be different, so request each manufacturer to explain the CVT’s operating scenario under a
failed-capacitor condition.

9.4 Typical Service, Storage, and Shipment Conditions

Table 9.3 lists typical service conditions for ambient temperature, relative humidity, altitude, and type
of cooling. If forced-air cooling is available or required, the direction of airflow, velocity, temperature,
and volume flow per minute at the constant-voltage transformer are included in the specification.
For liquid-cooled units, the type of coolant, rate of flow, and the inlet coolant temperature range
are specified.

Table 9.4 lists storage temperature, relative humidity, and altitude ranges for a typical CVT.

Table 9.5 lists shipment conditions as it relates to temperature, relative humidity, and altitude ranges
for a typical CVT.

TABLE 9.3 Service Conditions

Service Conditions Range

Ambient temperature 0-50°C

Relative humidity 20-90%

Altitude 0-1500 m

Type of cooling Convection cooling is assumed

TABLE 9.4 Storage Conditions

Storage Conditions Range
Storage temperature —40 to +60°C
Relative humidity 5-90%
Altitude 0-2000 m

TABLE 9.5 Shipment Conditions

Shipment Conditions Range
Temperature —55°C to +60°C
Relative humidity 5-95%
Altitude 0-12,000 m
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9.5 Nameplate Data and Nomenclature

The following are important rating factors associated with a CVT:

* Input frequency or frequency range

* Input voltage range

+ Input watts or volt-amperes

* Input current

* Output voltage

* Output current

* Output watts or volt-amperes

+ Maximum and/or minimum ambient temperature
* Schematic diagram or connection information
* Maximum working voltage

* Resonant-capacitor information

9.6 New Technology Advancements

Because CVTs are primarily constructed with three major components—magnetic core, magnet wire,
and a capacitor—a consensus exists among a number of leading CVT manufacturers that, while nothing
revolutionary is expected in the near-future, their transformers will continue to be enhanced in many
ways. Whatever CVT innovations do occur will essentially be in improving CVT assembly procedures
and techniques. In general, advances in CVT design are focused on reducing CVT sizes and audible noise
levels and increasing efficiencies at all load conditions.

It is worth mentioning that the CVT user market seems to be moving toward controlled CVTs because
of their very precise output-voltage regulation, their ability to easily adjust the output voltage to exactly
the desired reference required, and their extraordinary immunity to becoming unstable in certain
loading applications. In a number of field situations, controlled' CVTS can be customer-adjusted for
the specific application.

9.7 Addendum

The following is a tutorial description of the difference between a ferroresonant circuit and a linear circuit.
The main differences between a ferroresonant circuit and a linear resonant circuit are, for a given w:

* Resonance occurs when the inductance is in saturation.

+ As the value of inductance in saturation is not known precisely, a wide range of capacitances can
potentially lead to ferroresonance at a given frequency.

+ The frequency of the voltage and current waves may be different from that of the sinusoidal
voltage source.

+ Initial conditions (initial charge on capacitors, remaining flux in the core of the transformers,
switching instant) determine which steady-state response will result.

A study of the free oscillations of the circuit in Figure 9.21a illustrates this specific behavior. Losses are
assumed negligible, and the simplified magnetization curve ¢(i) of the iron-core coil is that represented

"The principles of operation for the controlled CVT are in that the transformer’s output winding is on the same leg
of the magnetic core as the resonant winding, and the resonant capacitor acts to maintain this core section at a high
level of saturation, resulting in a fairly constant voltage. To provide a precise constant voltage, it is necessary to
control this level of core saturation. This is frequently accomplished by shunting the resonant circuit with a solid-
state switching device in series with an inductor.
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0 in Figure 9.21b. Despite these simplifying

0 Le assumptions, the corresponding wave-
max . .
c H Osal forms (see Figure 9.21c) are typical of a

periodic ferroresonance.
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o max terminals is assumed equal to V. At the

$sal

instant t, switch K closes, a current i is
created, and oscillates at the pulsation

By = — (9.5)
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The flux in the coil and voltage V at the
/ capacitor terminals are then expressed as:

¥

¢ = (Vo/01) sin (w;t) (9.6)

V = Vjsin (w;t) (9.7)
Vs
i A If (Vo/w)) > by, at the end of time t,, the
Imax - flux ¢ reaches the saturation flux dgy,,
A voltage V is equal to V, and the inductance

of the saturated coil becomes Lg. As Lg is

i very small compared with L, the capacitor
\‘/ suddenly “discharges” across the coil in the

form of an oscillation of pulsation

oA o — 1
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(9.8)

The current and flux peak when the
electromagnetic energy stored in the coil
is equivalent to the electrostatic energy
N %CV2 restored by the capacitor.

©) At instant t,, the flux returns to by,
FIGURE 9.21 (a) Schematic diagram. (b) Simplified character- the inductance reassumes the value L, and
since the losses have been ignored, voltage V,
which has been reversed, is equal to —V.

-y

istic ¢(i). (c) Voltage V, current i and flux ¢ as a function of time.

At instant t3, the flux reaches —bg,, and voltage V is equal to —V,. As w; is in practice very small,
we can consider V, ~ V;=xV,. Consequently, period T of the oscillation is included between
2myv/LC in the nonsaturated case and 2mw/LsC+2 (t3 —t,) in the saturated case, where
(tz —t2) = %j‘ The corresponding frequency f (f=1/T) is thus such that:

! <f< !
2mV/LC 2m/LsC
This initial frequency depends on ¢y, i.e., on the nonlinearity and the initial condition V,. In

practice, due to the losses Ri® in the resistance R, the amplitude of voltage V decreases (V, < V; < V).
Because the flux varies as follows,

t3

Ad =2, = Jth

t
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FIGURE 9.22 Waveforms typical of a periodic ferroresonance.

a decrease of V results in a reduction in frequency. If the energy losses are supplied by the voltage source
in the system, the frequency of the oscillations, as it decreases, can lock at the frequency of the source (if
the initial frequency is greater than the power frequency) or even submultiple frequency of the source
frequency (if the initial frequency is smaller than the power frequency).

Note that there can be four resonance types, namely fundamental mode, subharmonic mode,
quasiperiodic mode, or chaotic mode (see Figure 9.22).
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10.1 Reactors

Reactors, like capacitors, are basic to and an integral part of both distribution and transmission power
systems. Depending on their function, reactors are either connected in shunt or in series with the
network, singularly (current limiting reactors, shunt reactors) or in conjunction with other basic
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components such as power capacitors (shunt capacitor switching reactors, capacitor discharge reactors,
filter reactors).

Reactors are utilized to provide inductive reactance in power circuits for a wide variety of purposes.
These include fault current limiting, inrush current limiting for capacitors and motors, harmonic
filtering, VAR compensation, reduction of ripple currents, blocking of power line carrier signals, neutral
grounding, damping of switching transients, flicker reduction for arc furnace applications, circuit
de-tuning, load balancing, and power conditioning. Reactors may be installed at any industrial,
distribution, or transmission voltage level and may be rated for any current duty from a few amperes
to tens of thousands of amperes and fault current levels of up to hundreds of thousands of amperes.

10.2 Background and Historical Perspective

Reactors can be either dry type or oil immersed. Dry-type reactors may be of air-core or iron-core
construction. In the past, dry-type air-core reactors were only available in open style construction
(Figure 10.1); their windings held in place by a mechanical clamping system and the basic insulation
provided by the air space between turns. Modern dry-type air-core reactors (Figure 10.2) feature fully
encapsulated windings with the turns insulation provided by film, fiber, or enamel dielectric. Oil-
immersed reactors may be of gapped iron-core (Figure 10.3) or magnetically shielded construction.
The application range for the different reactor technologies has undergone a major realignment from
historical usage. In the past, dry-type air-core reactors (open style winding technology) were limited to
applications at distribution voltage class. Modern dry-type air-core reactors (fully encapsulated with
solid dielectric insulated windings) are employed over the full range of distribution and transmission
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FIGURE 10.1 Open style reactor.
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voltages, including EHV (high voltage series reactors) and HVDC (filter reactors, smoothing reactors).
Oil-immersed reactors are primarily used for EHV shunt reactor and for some HVDC smoothing
reactor applications. Dry-type iron-core reactors (Figure 10.4) are usually used at low voltage and
indoors, for applications such as harmonic filtering and power conditioning (di/d#, smoothing, etc.).
Applicable IEEE standards, such as IEEE C57.21-1990 (R1995); IEEE C57.16-1996 (R2001); and IEEE
1277-2002, reflect these practices [1,2,3].

These standards provide considerable information not only concerning critical reactor ratings,
operational characteristics, tolerances, and test code, but also guidance for installation and important
application specific considerations.

10.3 Applications of Reactors

10.3.1 General Overview

Reactors have always been an integral part of power systems. The type of technology employed for the
various applications has changed over the years based on design evolution and construction or materials
breakthroughs. Dry-type air-core reactors have traditionally been used for current limiting applications
due to their inherent linearity of inductance vs. current. For this application, fully encapsulated
construction usually became the design of choice, because its improved mechanical characteristics
enabled the reactors to withstand higher fault currents. Conversely, high voltage series reactors were
initially oil-immersed shielded core designs. However, beginning in the early 1970s, the requirements of
these applications were also met by fully encapsulated dry-type air-core designs. Due to such developments,
the latest revision of IEEE C57.16-1996 (R2001), the series reactor standard, is now a dry-type air-core
reactor standard only.
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The construction technology employed for modern shunt reactors, on the other hand, is more
dependent on the applied voltage. Transmission class shunt reactors are usually of oil-immersed
construction, whereas tertiary connected, secondary connected, or lower voltage direct connect shunt
reactors, utilize either dry-type air-core or oil-immersed construction. Hence ANSI/IEEE C57.21-1990
(R1995) covers both oil-immersed and dry-type air-core shunt reactors. A review of modern reactor
applications is provided below.

10.3.2 Current Limiting Reactors

Current limiting reactors (CLRs) are now used to control short circuit levels in electrical power systems
covering the range from large industrial power complexes, to utility distribution networks, and to
HV/EHV transmission systems.

CLRs are primarily installed to reduce the short circuit current to levels consistent with the electro-
mechanical and thermal withstand level of circuit components (especially transformers and circuit
breakers) and to reduce the short circuit voltage drop on bus sections to levels that are consistent
with insulation coordination practice. High fault-currents on distribution or transmission systems, if
not limited, can cause catastrophic failure of distribution equipment and present a serious threat to the
safety of operating crews. In summary, current limiting reactors are installed to reduce the magnitude of
short circuit currents in order to achieve one or more of the following benefits:

* Reduction of electromechanical loading and thermal stresses on transformer windings, thus
extending the service life of transformers and associated equipment.

* Improvement of the stability of primary bus voltage during a fault event on a feeder.

+ Reduction of current-interrupting duty of feeder circuit breakers.

* Reduction of line-to-line fault current to levels below those of line-to-ground faults or vice versa.

* Protection of distribution transformer and all other downstream power equipment and devices
from the propagation of initial fast front voltage transients due to faults and circuit breaker
operations.

+ Reduction of the requirement for downstream switching devices such as reclosers, sectionalizers,
and current limiting fuses.

+ Allowance of complete control over the steady-state losses by meeting any specified Q-factor for
any desired frequency; this feature is particularly important for networks where high harmonic
currents are to be damped without increasing the fundamental frequency loss.

* Increase in system reliability.

CLRs may be installed at different points in the power network and as such they are normally referred to
by a name that reflects their location or application. The most common nomenclatures are

Phase reactors—installed in series with incoming or outgoing lines or feeders

Bus tie reactors—used to tie together two otherwise independent buses

Neutral grounding reactors—installed between the neutral of a transformer and ground
Duplex reactors—installed between a single source and two buses

10.3.2.1 Phase Reactors

Figure 10.5 shows the location of phase reactors in the feeder circuits of a distribution system. CLRs
may also be applied at transmission voltage levels as shown in Figure 10.6, depicting a 345 kV, 1100 A,
94.7 mH phase reactor installed in a U.S. utility substation.

The main advantage of the illustrated configuration is that it reduces line-to-line and phase-to-ground
short circuit current to any desired level at a strategic location in the distribution or transmission system.

Phase reactors are one of the most versatile embodiments of series connected reactors in that they can
be installed in one feeder of a distribution system to protect one circuit or at the output of a generator to
limit fault contribution to the entire power grid or anywhere in between. Any of the benefits listed in
Section 10.3.2 can be achieved with this type of current limiting reactor. The impedance of the phase
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FIGURE 10.5 Typical phase reactor connection.

FIGURE 10.6 345 kV phase reactors.

reactor required to limit the 3® short circuit current to a given value, may be calculated using either
Equation 10.1 or Equation 10.2:

Xeir = Viel(1/Isca) — (1/Iscp)1/V/3 (10.1)
Xarr = Vi [(1/MVAsca) — (1/MVAscg)] (10.2)
where
Xcir = reactance of the current limiting reactor, {}
ViL = rated system voltage, kV

Isca or MVAgcs = required value of the short circuit current or power, affer the installation of
the phase reactor, kA or MVA, respectively

Iscp or MVAgcp = available value of the short circuit current or power, before the installation of
the phase reactor, kA or MVA, respectively

10.3.2.2 Bus Tie Reactors

Bus tie reactors are used when two or more feeders or power sources are connected to a single bus and
it is desirable to sectionalize the bus due to high fault levels, without losing operational flexibility.
Figure 10.7 illustrates the arrangement.
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FIGURE 10.8 230 kV bus tie reactors.

As in the case of phase reactors, bus tie reactors may be applied at any voltage level. Figure 10.8 shows
an example of a 230 kV, 2000 A, 26.54 mH bus tie reactor installed in a U.S. utility substation.

The advantages of this configuration are similar to those associated with the use of phase reactors. An
added benefit is that if the load is essentially balanced on both sides of the reactor under normal
operating conditions, the reactor has negligible effect on voltage regulation or system losses.

The required reactor impedance is calculated using either Equation 10.1 or Equation 10.2 for 3®
faults or Equation 10.3 for single line-to-ground faults.

A method to evaluate the merits of using either phase reactors or bus tie reactors is presented in
Section 10.4.2, Phase reactors vs. Bus tie reactors.

10.3.2.3 Neutral Grounding Reactors

Neutral grounding reactors (NGRs) are used to control single line-to-ground faults only. They do not
limit line-to-line fault current levels. They are particularly useful at transmission voltage levels, when
autotransformers with a delta tertiary are employed.

These transmission station transformers can be a strong source of zero-sequence currents and, as a
result, the ground fault current may substantially exceed the 3® fault current. Figure 10.9 shows a typical
neutral grounding reactor arrangement.
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Transformer

These devices, normally installed between the transformer or generator neutral and ground, are
effective in controlling single line-to-ground faults; since, in general, the system short circuit impedance
is largely reactive. NGRs reduce short circuit stresses on station transformers for the most prevalent type
of fault in an electrical system.

If the objective is to reduce the single line-to-ground (1®) fault, then Equation 10.12 and Equation
10.12a must be used and, after algebraic manipulations, the required neutral reactor impedance, in
Ohms, is calculated as

Xner = V3ViLl(1/ca) — (1/Iscp)1/3 (10.3)
where

XnGr = reactance of the neutral grounding reactor, ()

ViL = system line-to-line voltage, kV

Isca = required single line-to-ground short circuit current after the installation of the neutral
reactor, kA

Iscg = available single line-to-ground, short circuit current before installation of neutral re-
actor, kA

A factor to be taken into consideration when applying NGRs is that the resulting X,/X; may exceed a
critical value (X, > 10X;) and, as a result, give rise to transient overvoltages on the unfaulted phases
(See IEEE Std 142-1991, Green Book) [4].

Because only one NGR is required per three-phase transformer and their continuous current is the system
unbalance current, the cost of installing NGRs is lower than that for phase CLRs. Operating losses are also
lower than for phase CLRs and steady-state voltage regulation need not be considered with their application.

The impedance rating of a neutral grounding reactor may be calculated using Equation 10.1, provided
both the short circuit currents before and after the NGR installation are the single line-to-ground faults.

Although NGRs do not have any direct effect on line-to-line faults, they are of significant benefit since
most faults start from line-to-ground, some progressing quickly to a line-to-line fault if fault side energy
is high and the fault current is not interrupted in time. Therefore, the NGR can contribute indirectly to a
reduction in the number of occurrences of line-to-line faults by reducing the energy available at the
location of the line-to-ground fault.

10.3.2.3.1 Generator Neutral Grounding Reactors

The positive, negative, and zero sequence reactances of a generator are not equal and as a result, when its
neutral is solidly grounded, its line-to-ground short circuit current is usually higher than the three-phase short
circuit current [5]. However, generators are usually required to withstand only the three-phase short circuit
current and a grounding reactor or a resistor should be employed to lower the single line-to-ground fault
current to an acceptable limit. Other reasons for the installation of a neutral grounding device are listed below:

+ A loaded generator can develop a third-harmonic voltage; and when the neutral is solidly
grounded, the third-harmonic current may approach the generator rated current. Providing
impedance in the grounding path can limit the third-harmonic current.
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* When the neutral of a generator is solidly grounded, an internal ground fault can produce large fault
currents that may damage the laminated core and may lead to a lengthy and costly repair procedure.

10.3.2.3.1.1 Ratings
The reactance value required for limiting a single line-to-ground fault to the same value as a three-phase
fault current can be calculated by the following formula:

X n__
XnGR = % (10.4)
where
XnGr = reactance of the neutral-grounding reactor, ()
X4" = direct axis sub-transient reactance of the machine, )
Xm0 = zero-sequence reactance of the machine, ()

Equation 10.4 assumes that the negative sequence reactance is equal to X4". In the absence of complete
information, the value of reactance calculated using Equation 10.4 is satisfactory. Equations presented in
Chapter 19 of the Westinghouse T&D Reference Book [6] can also be used when the negative sequence
reactance of the generator is not equal to Xy”.

The short circuit current rating of the grounding reactor is equal to the three-phase generator
short circuit current, when the machine is an isolated generator or operating in a unit system (see
Figure 10.10). When more than one generator is connected to a shared bus and not all of them are
grounded by a reactor with a reactance calculated from Equation 10.4, the short circuit current rating of
the reactor in question should be calculated by using proper system constants for a single line-to-ground
fault at the terminal of the machine being grounded. Equations in Chapter 19 of the Westinghouse T&D
Reference Book can be employed for this case.

The rated short circuit duration for the grounding reactor shall also be specified. When reactors are
used for a single isolated generator or in a unit system, a 10 sec rating is usually employed. When
grounding reactors are used in systems having feeders at generator voltage, a 1 min rating is usually
employed to accommodate for repetitive feeder faults.

The rated continuous current of the grounding reactor should be specified considering the allowable
unbalance current and third harmonic current. In the absence of this information, 3% of the reactor short
circuit rating can be specified as the continuous current rating when the duration of the rated short circuit
current is 10 sec. In cases when the rated short circuit duration is 1 min, 7% of rated short circuit current
is recommended as the rated continuous current. See IEEE Std. 32—1972 for more information [7].

Insulation class and associated BIL rating should be specified based on the reactor voltage drop, during
a single line-to-ground fault, and the nominal system voltage. Refer to Table 4 of IEEE Std. 32-1972.
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10.3.2.3.1.2 Transient Overvoltages

When the neutral of a generator is not solidly grounded, transient overvoltages can be expected. These
overvoltages are usually caused by phase-to-ground arcing faults in air, or a switching operation
followed by one or more restrikes in the breaker. When a grounding reactor is used for generator
neutral grounding, the X,/X; ratio at the generator terminals shall be less than 3 to keep transient
overvoltages within an acceptable level (X, and X are the resultant of the generator and system zero and
positive sequence reactances, respectively). When a neutral reactor installation is intended only for
reduction of a single line-to-ground fault to the three-phase fault level, X,/X; is equal to 1, which is a
safe ratio in terms of imposed transient overvoltages.

10.3.2.4 Arc Suppression Reactors (Petersen Coils)

An arc suppression coil is a single-phase, variable inductance, oil-immersed, iron-core reactor that is
connected between the neutral of a transformer and ground for the purpose of achieving a resonant
neutral ground. The zero sequence impedance of the transformer is taken into consideration in rating
the inductance of the arc suppression coil. The adjustment of inductance is achieved in steps by means of
taps on the winding or can be continuously adjusted by varying the reluctance of the magnetic circuit;
the length of an air gap is adjusted by means of a central moveable portion of the core (usually motor
driven) (see Figure 10.11). The inductance is adjusted, in particular, during nonground fault conditions,
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FIGURE 10.11 Arc suppression reactor.
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FIGURE 10.12  Single line-to-ground fault in nongrounded system.
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FIGURE 10.13 Single line-to-ground fault in resonant-grounded system.

to achieve cancellation of the capacitive ground fault current, so that in the case of a single line-to-
ground fault, cancellation of the capacitive fault current is achieved with an inductive current of equal
magnitude. Current injection by an active component (power converter) into the neutral, usually
through an auxiliary winding of the arc suppression coil, can also provide cancellation of the resistance
component of the fault current. See Figure 10.12 and Figure 10.13, which illustrate this principle.
Resonant grounding is used in distribution systems in Europe, parts of Asia, and in a few areas of the
U.S. The type of system ground employed is a complex function of system design, safety considerations,
contingency (fault) operating practices, and legislation. Arc suppression reactors are typically used to the
best advantage on distribution systems with overhead lines, to reduce intermittent arcing-type single
line-to-ground faults, which may otherwise occur on ungrounded systems.

10.3.2.5 Duplex Reactors

Duplex reactors are usually installed at the point where a large source of power is split into two
simultaneously and equally loaded buses (Figure 10.14). They are designed to provide low rated reactance
under normal operating conditions and full rated or higher reactance under fault conditions. A duplex

Duplex reactor

Simultaneous
feeds to
equal loads

FIGURE 10.14 Typical duplex reactors connections.
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reactor consists of two magnetically coupled coils per phase. This magnetic coupling, which is dependent
upon the geometric proximity of the two coils, determines the properties of a duplex reactor under steady-
state and short circuit operating conditions. During steady-state operation, the magnetic fields produced
by the two windings are in opposition, and the effective reactance between the power source and each bus
is a minimum. Under short circuit conditions, the linking magnetic flux between the two coils becomes
unbalanced, resulting in higher impedance on the faulted bus, thus restricting the fault current.

The voltage on the unfaulted bus is supported significantly until the fault is cleared, both by the effect
of the reactor impedance between the faulted and unfaulted buses and also by the “voltage boosting”
effect caused by the coupling of the faulted leg with the unfaulted leg of duplex reactors.

The impedance of a duplex reactor can be calculated using Equation 10.1 and Equation 10.2, the same
as those used for phase reactors.

10.3.3 Capacitor Reactors

The application of power capacitors in transmission and distribution systems has long been accepted as
a viable and practicable solution for VAR and voltage support, power factor correction, and power
quality problems. However, this solution approach does not come without application ramifications.
The application of capacitors in power systems may create abnormal transient and steady-state condi-
tions such as the following:

* Back-to-back switching current may result in damage to the capacitor switching device

* Fault outrush current may damage other switching devices in the station

+ Transient overvoltages in the capacitor bank current transformer

+ Creation of a low impedance path for high order harmonics in the system, resulting in harmonic
overloading of capacitor cans

Capacitor reactors are the only power product, among other available equipment such as breakers
equipped with a pre-insertion resistor or inductor or point on wave switching devices, that can address
all of the above problems. Figure 10.20 is a photo of a typical installation.

10.3.3.1 Current Transients during Switching of Capacitor Banks

Unlike voltage transients, current transients associated with capacitor switching are mainly confined to
the station in which the switched capacitor banks are installed. Current transients associated with
capacitor switching are high in magnitude and frequency and failing to limit these transients can lead
to serious damage to

+ switching devices such as circuit breakers and circuit switchers, and
 current transformers.

The circuit breakers capability to “make” capacitive transient currents is standardized in all major circuit
breaker standards including ANSI C37.06 and IEC 60265 [8,9]. IEEE categorizes circuit breakers into
two groups regardless of the arc interruption medium. One group is general-purpose breakers, which
have limited capabilities to energize and de-energize isolated capacitor banks. The other group is
definite-purpose circuit breakers, which have increased capabilities for switching capacitor banks.
Table 10.1 shows the IEEE ratings for two 145 kV outdoor circuit breakers.

TABLE 10.1 Back-to-Back Switching Capability

Rated Rated Short Maximum Back-to- Maximum Rate of
Circuit Breaker Type Voltage [kV] Circuit Current [kA] Back Current [kApcqx] Rise of Current [A/psec]

a

Definitive purpose 145 63 16 427
General purpose 145 63 50 125

*This value is often expressed as the current and frequency product (I-f), which is equal to 2 x 10 A/sec for general-
purpose breakers and 6.8 x 10” A/sec for definite-purpose breakers.
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FIGURE 10.15 Back-to-back switching in a 138 kV substation.

In substations with capacitor bank installations, there are two switching scenarios that may lead to
current transients that can exceed circuit breaker capabilities. These scenarios are presented in the
following clauses.

10.3.3.1.1 Back-to-Back Switching

Back-to-back switching, by definition, occurs when energizing an individually switched capacitor bank
while there are one or more capacitor banks already energized at the same voltage level. Figure 10.15
illustrates an example of a back-to-back switching condition. In this example the transient current
is simulated when energizing bank number 2. If the first pole of the breaker closes at the peak of the bus
voltage, all the energy stored inside bank number 1 will be discharged into bank number 2 through its
switching device. The only inductive element in the circuit that can control the rate of rise of current is the
inherent reactance of the buses. In this example the length of the bus bar between two units is 200 ft.
Figure 10.16 shows the back-to-back current in the first pole to close of bank number 2 circuit
breaker. The peak of the current is 17.2 kA and the rate of rise of current is 1600 A/pusec (15 kHz).
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FIGURE 10.16 Back-to-back current in the first pole to close of bank number 2 circuit breaker.
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FIGURE 10.17 Back-to-back current after installation of a back-to-back capacitor reactor (right), in the circuit (left).

Neither a general-purpose nor a definite-purpose circuit breaker is able to withstand this type of current
transient, during closing of its contacts (see Table 10.1).

Installation of a 265 wWH capacitor reactor in series with either of the capacitor banks and between the
bank and its circuit breaker can reduce the magnitude and frequency of the back-to-back current to an
acceptable level for a definite-purpose circuit breaker.

Figure 10.17 shows the circuit with a capacitor reactor added and the back-to-back current after
capacitor reactor installation. Since there are only two individually switched capacitor banks in this station,
only one back-to-back capacitor reactor is sufficient to mitigate any back-to-back switching operation.

10.3.3.1.2 Fault Outrush Current

Unlike back-to-back switching, which only impacts the capacitor bank switching device, outrush current
also creates a difficult switching condition for other circuit breakers in the station. An outrush condition
occurs, when a circuit breaker closes into a fault. In this condition, the charge stored in all capacitor
banks connected to the bus will be discharged through that circuit breaker in a very short period of time.
Similar to the back-to-back switching scenario, outrush current frequency and magnitude may be high
and damaging for circuit breakers. Often, capacitor banks are equipped with special types of circuit
breakers such as specific breakers with a pre-insertion resistor or reactor or circuit breaker with point on
wave switching mechanism that can limit back-to-back current transients without utilizing a capacitor
reactor. However none of these devices are capable of protecting other circuit breakers in the station
against damaging outrush conditions.

Figure 10.18 shows an example of an outrush-current scenario. Rate of rise of current in the breaker is
2600 A/psec, which is well above the acceptable limit for any type of circuit breaker. To reduce the rate
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FIGURE 10.18 Circuit condition that leads to outrush current (right), outrush current (left).
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FIGURE 10.19 Location of the outrush reactor in the circuit (right) and outrush current after reactor
installation (left).

of rise of current, outrush reactors must be employed. In a typical substation all of the circuit breakers,
except the ones used to switch the capacitor bank, are general-purpose type and outrush reactors must
be rated based on the use of general-purpose breakers. A set of three single-phase 900 wH reactors can be
employed to control the outrush current in the above example. Figure 10.19 shows the location of the
outrush reactor and outrush current after installation of the reactor.

10.3.3.2 Harmonic Overloading

Application of nonlinear loads and devices such as FACTS, static VAR compensators, and arc furnaces
introduce a wide spectrum of harmonics into the power system. Harmonics tend to flow from the
harmonic source to the lowest impedance path. Normally, the utility source represents the lowest
impedance for low order harmonics and therefore acts as a sink for those harmonics. Whereas for
high order harmonics, capacitor banks and the inherent inductance in the circuit or transformer leakage
reactance can interact to form a series resonant circuit that creates the lowest impedance path. Resultant
inflow of high order harmonics can cause dielectric and thermal damage to capacitor cans. The flow of

FIGURE 10.20 550 kV capacitor reactor.
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Series capacitor high order harmonics can also induce vibration in the
€ capacitor cans causing audible noise and mechanical dam-
5 age. This problem can be rectified in three different ways:

Varistor 1. Relocating the capacitor bank;
Triggered 2. Removal of neutral ground; and
Discharge } spark gap 3. De-tuning the bank.
reactor ! L . . .
Y De-tuning is very cost effective especially at the design stage
ofthe project, when outrush reactors have not been installed.
= Since de-tuning normally requires a reactor with higher
= . .
Bypass breaker inductance than normally required for a pure outrush

reactor application, station designers can always achieve

FIGURE 10.21 Typical discharge current these two goals by sizing the reactor based on the de-tuning
limiting reactor connection. application.

10.3.4 Discharge Current Limiting Reactors

High voltage series capacitor banks are utilized in transmission systems to improve stability operating
limits. Series capacitor banks may be supplied with a number of discrete steps, insertion or bypass being
achieved using a switching device. For contingencies, a bypass gap is also provided for fast bypass of the
capacitors. In both cases, bypass switch closed or bypass gap activated, a discharge of the capacitor
occurs, and the energy associated with the discharge must be limited by a damping circuit. A discharge
current limiting reactor is an integral part of this damping circuit. Therefore, the discharge current
limiting reactor must be designed to withstand the high frequency discharge current superimposed on
the system power frequency current. The damping characteristic of this reactor is a critical parameter of
the discharge circuit. Sufficient damping may be provided as an integral component of the reactor
design (de-Q’ing), or can be supplied as a separate element (resistor) (see Figure 10.21).

10.3.5 Power Flow Control Reactors

A more recent application of series reactors in transmission systems is that of power flow control (Figure
10.22) or its variant, overload mitigation.

! i | Reactor inserted
into low
i | impedance line

Fixed Contingency overload
mitigation scheme

reactor

f l Normally

closed circuit

= breaker

o

g

8‘[] Intertie with

3 neighboring utility
= or customer

[0)

=)

FIGURE 10.22 Typical high voltage power flow control reactor connections.
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The flow of power through a transmission system is a function of the path impedance and the
complex voltage (magnitude and phase) at the ends of the line. In interconnected systems, the control of
power flow is a major concern for the utilities, because unscheduled power flow may give rise to a
number of problems such as

+ overloading of lines;

+ increased system losses;

+ reduction in security margins;

* contractual violations concerning power import and export; and
* increase in fault levels beyond equipment rating.

Typical power flow inefficiencies and limitations encountered in modern power systems may be the
result of one or more of the following:

+ Nonoptimized parallel line-impedances resulting in one line reaching its thermal limit well before
the other line, thereby limiting peak power transfer.

+ Parallel lines having different X/R ratios: a significant reactive component will flow in the
opposite direction to that of the active power flow.

* High loss line more heavily loaded than lower loss parallel line, resulting in higher power transfer losses.

* “Loop flow” (the difference between scheduled and actual power flow): although inherent to
interconnected systems, loop flows may be so severe as to adversely affect the system reliability.

Power flow control reactors are used to optimize power flow on transmission lines through a modifi-
cation of the transfer impedance. As utility systems grow and the number of interties increases, parallel
operation of AC transmission lines is becoming more common in order to provide adequate power to
load centers. In addition, the complexity of contemporary power grids results in situations where the
power flow experienced (by a given line of one utility) can be affected by switching, loading, and outage
conditions occurring in another service area.

Strategic placement of power flow reactors may serve to increase peak power transfer, reduce power
transfer loss, and improve system reliability. The paper “A Modern Alternative to Power Flow Control”,
[10] provides a good case study. The insertion of high voltage power flow control reactors in a low
impedance circuit allows parallel lines to reach their thermal limits simultaneously and hence optimize
peak power transfer at reduced overall losses. Optimum system performance may be achieved by
insertion of one reactor rating to minimize line losses during periods of off peak power transfer and
one of an alternative rating to achieve simultaneous peak power transfer on parallel lines during peak
load periods or contingency conditions.

Contingency overload mitigation reactor schemes are used when the removal of generation sources or
lines in one area affects the loading of other lines feeding the same load center. This contingency may
overload one or more of the remaining lines. The insertion of series reactors, shunted by a normally
closed breaker, in the potentially overloaded lines keeps the line current below thermal limits. The
parallel breaker carries the line current under normal line loading conditions and the reactor is switched
into the circuit only under contingency situations.

Figure 10.23 (top) shows a switchable power flow control reactor. In this system, a current transformer
is being used to detect any overload condition in the line. Upon detection of an overload condition the
control system will trip the bypassing device and insert the reactor in series with the transmission line.

With the ever changing power grids, sometimes one single impedance value is not always suitable for
all the different grid topologies. Grid topology may change a few times during the year, due to seasonal
loading characteristics, or in the future, as a consequence of adding new generation facilities or loads to
the grid. To adapt to these changes, one solution is to employ tapped switchable power flow control
reactors. Figure 10.23 (bottom) shows a tapped switchable power flow control reactor using a “make and
break” switching scheme. This system employs six load switchers, which can change the impedance
under load. Control and interlocking circuitry is used to avoid unwanted switching.

© 2006 by Taylor & Francis Group, LLC.



Transmission line ‘

Transmission line ‘

“ RN —
L _' Interlock andT
***** — — control \

[eystem |

FIGURE 10.23 Switchable power control reactor (top); tapped switchable power control reactor (bottom).

10.3.6 Shunt Reactors (Steady-State Reactive Compensation)

High voltage transmission lines, particularly long ones, generate a substantial amount of leading reactive
power when lightly loaded. Conversely, they absorb a large amount of lagging reactive power when
heavily loaded. As a consequence, unless the transmission line is operating under reactive power balance,
the voltage on the system cannot be maintained at rated values.

Reactive Power Balance = Total Line Charging Capacitive VARs — Line Inductive VARs

To achieve an acceptable reactor power balance, the line must be compensated for a given operational
condition. For details of the definition of reactive power balance, please refer to Section 10.4.3. Under
heavy load, the power balance is negative and capacitive compensation (voltage support) is required.
This is usually supplied by the use of shunt capacitors. Conversely, under light load, the power balance is
positive and inductive compensation is required. This is usually supplied by the use of shunt reactors.

The large inherent capacitance of lightly loaded transmission systems may cause two types of over-
voltage in the system that can be controlled by employing shunt reactors. The first type of overvoltage
occurs when the leading capacitive charging current of a lightly loaded, long, transmission line flows
through the inductance of the line and the system. This is referred to as Ferranti effect; operating voltage
increases with distance along the transmission line. Lagging reactive current consumed by a shunt
reactor reduces the leading capacitive charging current of the line and thus reduces the voltage rise.

Another type of overvoltage is caused by the interaction of line capacitance with any saturable portion
of system inductive reactance; ferroresonance. When switching a transformer terminated line, the
voltage at the end of the line may rise to a sufficient value to saturate the transformer inductance.
Interaction between this inductance and the capacitance of the line can generate harmonics causing
overvoltages. Application of a shunt reactor on the tertiary of the transformer can mitigate this type of
overvoltage by reducing the voltage to values below that at which saturation of the transformer core can
occur and also provide a low nonsaturable inductance in parallel with the transformer impedance.

Shunt reactors may be connected to the transmission system through a tertiary winding of a power
transformer connected to the transmission line being compensated; typically 13.8, 34.5, and 69 kV.
Tertiary connected shunt reactors (Figure 10.24) may be of dry-type air-core single-phase per unit
construction or oil-immersed three-phase or oil-immersed single-phase per unit construction.

Alternatively, shunt reactors can be connected directly to the transmission line to be compensated.
Connection may be at the end of a transmission line or at an intermediate point, depending on voltage
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FIGURE 10.24 Typical shunt reactor connections.

profile considerations. Directly connected shunt reactors are usually of oil-immersed construction
(Figure 10.24).

Tertiary connected shunt reactors (Figure 10.24), which may be of dry-type or oil-immersed construc-
tion, have several operational differences from direct connect shunt reactors; some of which are as follows:

+ Tertiary connect shunts reactors require a simple protection scheme.

+ Switchgear for the tertiary connect shunt reactors is less expensive.

* They can be installed in independently switched small MVAR banks which make the operation
more flexible and also do not impose any significant voltage dip during the switching.

Despite some of the operational benefits listed above, usage of tertiary connect shunts depends on the
available capacity on the tertiary of the transformer. In most cases, there is enough unused capacity in the
tertiary that full compensation can be achieved through the use of a tertiary connect shunt reactor. Figure
10.25 is a photo of typical tertiary connected shunt reactors. However, in cases when there is not enough
capacity for full compensation on the tertiary side, or for any other reason a tertiary connect shunt cannot be
employed, an alternative approach is secondary connect shunt reactor. As implied by its name, a secondary
connect shunt reactor is connected to the secondary of the transformer. Secondary connect shunt reactors

FIGURE 10.25 20 kV, 20 MVA (per phase) tertiary connection shunt reactors.
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will not impose any extra loading on the transformer since shunt reactors are switched during the light load
hours of the day or during the light load season of the year. Secondary connect shunts are also available in
oil-immersed and dry-type construction up to 235 kV. For both tertiary and direct connect shunt reactors,
protection is an important consideration. Details regarding protection practices can be found in the IEEE
paper, “Shunt Reactor Protection Practices” [11] and also in IEEE C37. 109, [12].

Oil-immersed shunt reactors are available in two design configurations; coreless and iron-core (and
either self cooled or force cooled). Coreless oil-immersed shunt reactor designs utilize a magnetic circuit
or shield that surrounds the coil to contain the flux within the reactor tank. The steel core that normally
provides a magnetic flux path through the primary and secondary windings of a power transformer is
replaced by insulating support structures resulting in an inductor that is nearly linear with respect to
applied voltage. Conversely, the magnetic circuit of an oil-immersed iron-core shunt reactor is con-
structed in a manner similar to that used for power transformers with the exception that an air gap or
distributed air gap is introduced to provide the desired reluctance. Because of the very high permeability of
the core material, the reluctance of the magnetic circuit is dominated by the air gap; magnetic energy is
primarily stored in the air gap. Inductance is less dependent on core permeability and core saturation does
not occur in the normal steady-state current operating range resulting in a linear inductance. A distributed
air gap is employed to minimize fringing flux effects; reduce winding eddy losses (adjacent to the gaps);
and improve ampere turns efficiency. Both types of oil-immersed shunt reactors can be constructed as
single-phase or three-phase units and are similar in appearance to conventional power transformers.

10.3.7 Thyristor Controlled Reactors (Dynamic Reactive Compensation)

As the network operating characteristics approach system limits, such as dynamic or voltage stability, or in
the case of large dynamic industrial loads, such as arc furnaces, the need for dynamic compensation arises.

Typically, static VAR compensators (SVCs) are used to provide dynamic compensation at a receiving
end bus, through microprocessor control, for maintaining a dynamic reserve of capacitive support when
there is a sudden need.

Figure 10.26 illustrates a typical configuration for an SVC. Figure 10.27a shows the voltage and
current in one phase of a TCR when « is not zero. Figure 10.27b depicts the various harmonic current
spectra, as a percentage of fundamental current, generated by the TCR for various firing angles “a.”

By varying the firing angle, «, of the thyristor controlled reactor (TCR), the amount of current
absorbed by the reactor can be continuously varied. The reactor then behaves as an infinitely variable
inductance. Consequently, the capacitive support provided by the fixed capacitor (FC) and by the
thyristor switched capacitor (TSC) can be adjusted to the specific need of the system. The efficiency, as
well as voltage control and stability, of power systems is greatly enhanced with the installation of SVCs.

The use of SVCs is also well established in industrial power systems. Demands for increased
production and more strict regulations regarding both the consumption of reactive power and disturb-
ance mitigation on the power system may require the installation of SVCs. A typical example of an
industrial load which can cause annoyance to con-
sumers, usually in the form of flicker, is the
extreme load fluctuations of electrical arc furnaces T §

in steel works. A typical installation at a steel mill is
shown in Figure 10.28. The thyristor controlled

reactors are rated at 34 kV, 710 A, and 25 MVAR
per phase D@ D@

10.3.8 Filter Reactors T Jl:

The increasing presence of nonlinear loads and the TCR FC

—

SC
widespread use of power electronic switching

devices in industrial power systems are causing an  FIGURE 10.26 Static VAR compensator.
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FIGURE 10.28 34 kV, 25 MVAR (per phase) thyristor controlled reactors.
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increase of harmonics in the power system. Major sources of harmonics are industrial arcing loads (arc
furnaces, welding devices), power converters for variable speed motor drives, distributed arc lighting for
roads, fluorescent lightning, residential sources such as television sets, home computers, etc.

Power electronic switching devices are also applied in modern power transmission systems and
include high voltage direct current (HVDC) converters as well as (flexible AC transmission systems
(FACTS) devices such as SVCs. Harmonics can have detrimental effects on equipment such as trans-
formers, motors, switchgear, capacitor banks, fuses, and protective relays. Transformers, motors, and
switchgear may experience increased losses and excessive heating. Capacitors may fail prematurely from
increased heating and higher dielectric stress. If distribution feeders and telephone lines have the same
“right-of-way,” harmonics may also cause telephone interference problems.

In order to minimize the propagation of harmonics into the connected power distribution or
transmission system, shunt filters are often applied close to the origin of the harmonics. Such shunt
filters in their simplest embodiment consist of a series inductance (filter reactor) and capacitance (filter
capacitor). If more than one harmonic is to be filtered, several sets of filters of different rating are applied
to the same bus. More complex filters are also used to filter multiple harmonics.

More background information can be found in the IEEE paper, “Selecting Ratings for Capacitors and
Reactors in Applications Involving Multiple Single Tuned Filters”, [13].

10.3.9 Reactors for HVDC Application

In an HVDC system, reactors are used for various functions as shown, in principle, in Figure 10.30.
The HVDC smoothing reactors are connected in series with an HVDC transmission line or inserted
in the intermediate DC circuit of a back-to-back link to reduce the harmonics on the DC side, to reduce
the current rise caused by faults in the DC system, and to improve the dynamic stability of the HVDC
transmission system.

Filter reactors are installed for harmonic filtering on the AC and on the DC side of the converters. AC
filters serve two purposes simultaneously: the supply of reactive power and the reduction of harmonic
currents. AC filter reactors are utilized in three types of filter configurations employing combinations of
resistors and capacitors, namely single-tuned filters, double-tuned filters, and high-pass filters. A single-
tuned filter is normally designed to filter the low order harmonics on the AC side of the converter. A
double-tuned filter is designed to filter multiple discrete frequencies using a single combined filter
circuit. A high-pass filter is essentially a single-tuned damped filter. Damping flattens and extends the
filter response to more effectively cover high-order harmonics. DC filter reactors are installed in shunt
with the DC line, on the line side of the smoothing reactors. The function of these DC filter banks is to
further reduce the harmonic currents on the DC line (see Figure 10.29 and Figure 10.30).

Power line carrier (PLC) and Radio interference (RI) filter reactors are employed on the AC side, DC
side, or both sides of the HVDC converter to reduce high frequency noise propagation in the lines.

Low order High pass < Damped low Double
. . >
harmonic filter 3> order bandpass
filter harmonic filter
filter
() L

FIGURE 10.29 Typical filter reactor connections.
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FIGURE 10.30 One line diagram of a typical HVDC bipole link illustrating reactor applications.

10.3.10 Series Reactors for Electric Arc Furnace Application

Series reactors may be installed in the medium voltage feeder (high voltage side of the furnace
transformer) of an AC electric arc furnace in order to improve efficiency, reduce furnace electrode
consumption, and limit short circuit current (thus reducing mechanical forces on the furnace elec-
trodes). Such reactors may either be “built into” the furnace transformer or are separate, stand-alone
units, of oil-immersed or dry-type air-core construction. Usually, the reactors are equipped with taps to
facilitate optimization of the furnace performance (see Figure 10.31 and Figure 10.32).

Service

| v ! v ) transformer

Electric arc furnace
(EAF)
series reactor

EAF transformer
M

Electric arc
z furnace load

v/

FIGURE 10.31 Typical electric arc furnace series reactor connection.
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FIGURE 10.32 EAF series reactor benefits.

10.3.11 Other Reactors

(per unit basis)

Reactors are also used in such diverse applications as motor starting (current limiting), test laboratory
circuits (current limiting, dv/d¢ control, di/dt control), and insertion impedance (circuit switchers).
Design considerations, insulation system, conductor design, cooling method construction concept (dry
type, oil immersed), and subcomponent or subassembly variants (mounting and installation consider-

ations) are selected based on the application requirements.

10.4 Some Important Application Considerations

10.4.1 Short Circuit: Basic Concepts

Figure 10.33 represents a radial system in which the sending end bus is connected to an infinite source.

From inspection, the following equations may be established:

Vs = Vr +AV

1= (VR+AV)/(Zs+ZT+ZL)

Vs VR

Circuit breaker

S M
L‘”l

(Rs+j Xs) (j X7)

SW

FIGURE 10.33 Radial system.
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(10.5)

(10.6)

S =P +jQ
Load
(ZL=R_+iX)



where
Vs =sending end voltage, p.u.
Vg =receiving end voltage, p.u.
AV=bus voltage drop, p.u.
I =bus current, p.u.
Zs =source impedance, p.u.
Zr = transformer impedance, p.u.
71 =load impedance, p.u.

Under steady state, the load impedancel (Z1) essentially controls the current I since both Zs and Ztare
small. Also, typically Xs >> Rs; Xt >> Xg; and the load Py > Q.
Therefore,

AV = Vs — Vg =2 [PRs + Q(Xs + X7)] (10.7)

where
P =real power, p.u.
Q =reactive power, p.u.
Rg =source resistance, p.u.
Xs =source reactance, p.u.
Xt = transformer reactance, p.u.
AV=voltage drop, p.u.

and AV, per unit, is small.
When a short circuit occurs (closing the switch SW), Vgx — 0 and Z; =0 (bolted fault) and Equation
10.6 can be rewritten as

Isc = AV/[Rs + j(Xs + X7)] (10.8)
o L < —90° (10.8a)
N (Xs + XT) .

where, Isc = short circuit current, p.u.
Since |X; + Xr| is small, the short circuit current (Isc) may become very large. The total transmitted
power then equals the available power from the source (MVA;sc),

S = Vs X Isc (10.9)

Vo x AV < —90° (10.9a)

=< - 9a
(Xs+XT)

where, S = transmitted power, p.u.
Therefore, the system voltage is shared, as voltage drops, between the system impedance (transmission
lines) and the transformer impedance:

Vs = AV 2 Qs(Xs + X7) (10.10)
where, Qs = transmitted reactive power, p.u.

'The load may in fact be a rotating machine, in which case the back electromotive force (EMF) generated by the
motor is the controlling factor in limiting the current. Nevertheless, this EMF may be related to an impedance, which
is essentially reactive in nature.
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Since X is typically much larger than Xs, the voltage drop across the transformer almost equals the
system voltage. Two major concerns arise from this scenario:

+ The mechanical stresses in the transformer: the windings will experience a force proportional to
the square of the current
* The ability of the circuit breaker to successfully interrupt the fault current

Therefore, it is imperative to limit the short circuit current so that it will not exceed the ratings of
equipment exposed to it.

Basic formulas are as follows:
Three-Phase Fault

Lo [KA] =100 [MVA]/[vV3 Vi X Z,] (10.11)
1® to Ground Fault
Isi [KA] = 3 x 100 [MVA]/[V3 Vi x Zr] (10.12)
Tr =2+ 2+ Zy + 37 (10.12a)
where
ViL = line-to-line base voltage, kV
Zr = total equivalent system impedance seen from the fault, p.u.

Z\, Z,, and Z, = equivalent system positive, negative, and zero sequence impedance seen from the
fault (in p.u. @ 100-MVA base)

Zn =any impedance intentionally connected to ground in the path of the fault
current, p.u.

10.4.2 Phase Reactors vs. Bus Tie Reactors

A method to evaluate the merits of using either phase reactors vs. bus tie reactors is indicated below (see
also Figure 10.34 and Figure 10.35).

Is; and I, are the available fault contribution from the sources, I; is the rated current of each feeder
and n is the total number of feeders in the complete bus (assuming all feeders are identical).

Definitions: I, =« Is,, the interrupting rating of the feeder CB’s, o > 1
Iy, =K X I5; (Is; assumed < I, K< 1)
Ly =B X I, the rated current of the bus tie reactor
B =number of feeders on that section of the bus which has the highest number out of the
total number of feeders for the complete bus.

FIGURE 10.34 Bus tie reactor connection.
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FIGURE 10.35 Phase reactor connection.

Therefore, the required reactor impedance in each configuration, their ratio, and the ratio of the rated
power of the reactors are given by the following equations:

Vi [K( — 1
Xy = —L [ U-a)+ } (10.13a)
V3l | aK—1
Ve [K( - 1
Xy = & [ (- + } (10.13b)
V3l [ a(l+K)
X 1+K
ﬂzw (10.13¢)
Xt aK —1
MVA 2 Ta(l +K
b _ B [al+K) (10.13d)
Total MVAgy n|akK—1

From the above it is apparent that bus tie reactors are a good solution where a relatively small reduction
in fault level is required on a number of downstream feeders.

Also bus tie reactors grow rapidly in size and cost when (1) the fault contributions on either side of
the reactor are significantly different (i.e., as K moves away from 1.0) and (2) when the largest fault
contribution (Is;) approaches the breaker rating I.

Conversely, bus tie reactors decrease rapidly in size and cost when the reactor can be given a low
continuous rating due to low normal power transfer across the tie.

10.4.3 Power Line Balance

Consider the radial system shown in Figure 10.36, in which the sending end bus is fed from an infinite
power source.
By inspection from Figure 10.37 the following equations may be written:

FIGURE 10.36 Simplified radial system.
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FIGURE 10.37 Power line balance phasor diagram.

AV =V, -V, (10.14)
AV=2ZxI (10.15)
AV = [RIcos ¢ + XIsin¢] + j[XI cosp — Rl sin ] (10.16)
where
¢ =tan"!(Q/P)

V; =sending end voltage, kV

V, =receiving end voltage, kV
AV=line voltage drop, kV

R =line resistance, )

X =line reactance, ()

I =line current, kA

P =real power, kW

Q =reactive power, kVA

6 =transmission angle, degree
¢ = current phase angle, degree

Since P= V,I cos ¢p and Q= V,I sin ¢, then
AV = [(PR+ QX) + j(PX — QR)]/V;, (10.17)
AV = AV; +jAV, (10.18)

where
AV; =in phase component of AV, kV
AV, = quadrature component of AV, kV

The phasor diagram, shown in Figure 10.37, illustrates the meaning of Equation 10.17 and Equation 10.18.
By inspection of Figure 10.37, it is clear that

sin 8 = AVy/V, (10.19)

therefore,

P = [ViVysin8]/X + Q[R/X] (10.20)
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and

8 =tan"' {[PX — QR]/[V; + (PR + QX)]}

(10.21)

In transmission systems, the X/R ratio is large and the grid usually operates with power factor close to

unity. Thus, assuming R=0 and Q=0,
AV =P x X/V,
P = (V] X V, X sm(5))/X

8 =tan (P x X/ V)

(10.22)
(10.23)

(10.24)

Therefore, apart from the voltage magnitude, which must be kept within regulated limits, control of
power flow can only be achieved by variation of the line reactance (X), the transmission angle (8),

or both.

10.4.4 Reactive Power Balance

Figure 10.38 shows a transmission system represented by its m equivalent.
By inspection, the following expressions can be derived:

Vi=V, + AV
Vicosd +jVysiné = V, 4+ XIsin 6 + jXI cos 0
XIcos = P, X/V, = Vysind
PL = (V1 V,sin(8))/X
XIsinf = Qp X/V, = Vicosé — V,

QL= ViVycosd — VZZ/X

Si=/(P} +Q})

Therefore,

Line Reactive Losses = (S;/V;)*X

Line Charging (at each end) = V> x Y/2,i=1, 2

V1A V, A

Load: A +jQ_

I I 6 =tan-1 (OL/PL)

FIGURE 10.38 Transmission system 1 equivalent circuit.
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(10.31)
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(10.33)



Line Surge Impedance, Zs = \/X/Y = +/L/C

Surge Impedance Loading, SIL = V7, /Zs

(10.34)

(10.35)

Power Balance = Total Line Charging — Line Reactive Losses

10.5 Shunt Reactors and Switching Transients

Since the amount of the reactive compensation needed in a power system varies with the loading of the

transmission line, shunt reactors are typically switched daily. Shunt reactors will thus experience a large
number of switching transients [19]. Transient overvoltages mainly occur, while disconnecting the
reactor from the circuit, due to the two following phenomena in the switching device:

* Current chopping
+ Single or multiple restrikes

The behavior of these overvoltages depends on a number of factors such as

+ Circuit connection (wye or delta);

+ Method of neutral grounding (floating neutral, solidly grounded, or grounded through a reactor);

» Rated MVAR of the reactor;

+ Construction of reactor (air core, iron core, three legs, or five legs); which impacts the high

frequency characteristics;

* Type of connection to the system (tertiary winding or direct connection);

* Type and ratings of circuit breaker; and
* Neighboring equipment characteristics.

10.5.1 Current Chopping

When the contacts of a breaker part, current in the
circuit will not be interrupted immediately. Current
continues to flow through the arc established between
the contacts right after the instant of contact parting.
Normally the arc extinguishes when the AC current
crosses zero. In some cases, however, due to arc
instability caused by the circuit parameters and the
breaker characteristics, the arc extinguishes abruptly
and prematurely ahead of the natural zero crossing of
the AC current. When this happens, the energy trapped
in the magnetic field of the reactor is transferred to the
electric field of the stray capacitances in the circuit,
thus initiating a resonant response. The resonance fre-
quency is typically a few kHz and its magnitude is
directly proportional to the chopped current and the
surge impedance of the circuit and it may exceed the
dielectric withstand of the reactor. Figure 10.39 shows
an equivalent circuit that can be used for simulating
the chopping overvoltages for a star connected and
solidly grounded reactor with negligible coupling
between phases. The parameter k, in Equation 10.36
provides a relative indication of the magnitude of the
overvoltage for this type of reactor connection. Circuit
damping effects are neglected.
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FIGURE 10.39 Single-phase equivalent circuit for a
star connected and solidly grounded shunt reactor
bank, where L; is the reactor reactance (for gapped
iron-core shunt reactor, manufacturer should be
consulted to obtain the core saturation level at high
transient frequencies and thus the resultant induct-
ance; for air-core shunt reactors the inductance can
always be considered a constant value equal to the 60
Hz rated value); G is the equivalent capacitance at the
reactor side of the Gy; R(f) is the reactor frequency
dependent resistance; Lg is the system equivalent react-
ance; G, is the equivalent capacitance across the
breaker terminals; Cs is the system equivalent capaci-
tance; and u;,_g = System line-to-ground voltage.
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where
k, = Per unit parameter that indicates the relative magnitude of the overvoltage due to
current chopping
Vieactor_chopping = Maximum peak of the overvoltage across the reactor terminals after current
chopping [kV]

Vi_g = Maximum peak line-to-ground system voltage [kV]
Iy, = Magnitude of current chopped [A]

C = Total capacitance on the reactor side [pF]

1) = Angular power frequency [rad/s]

Q = Shunt reactor bank three-phase MVAR

For SFg, bulk oil, and air blast circuit breakers I, is a function of the high frequency stray and grading
capacitances in parallel with the circuit breaker terminals [15]. The following equation shows this
relationship.

Ih =A-/Ccs (10.37)

where
A is the chopping number [AF °’], and it depends on the breaker construction and arc
extinguishing media
Ccp is the equivalent capacitance across the breaker terminals for circuit represented in Figure 10.39

GG,

Cp=GC +—"—F+
B t Cs+ C.

(10.38)

Since Cs in the case of tertiary winding connected shunt reactor is relatively smaller than Cs for a
shunt reactor directly connected to the high voltage bus, tertiary connected reactors normally
experience overvoltages of lower magnitude. Vacuum circuit breakers have a constant I, which is
weakly affected by the capacitance seen across its terminal. To obtain current chopping characteristics
of a vacuum breaker the breaker manufacturer should be consulted. IEEE C37.015-1993 provides
helpful information for evaluating overvoltages caused by CB current chopping [14]. Current chop-
ping can be mitigated by employing an opening resistor with the circuit breaker. The shunt reactor can
also be protected against current chopping overvoltages by a surge arrester installed across the
reactor terminals.

10.5.2 Restrike

When interrupting a small inductive current just before the natural current zero in a circuit with a
critical combination of source side and load side capacitances and inductances, the voltage across the
breaker terminals may exceed its TRV capability and lead to breaker restrikes [15]. This process may
repeat several times until the gap between the breaker contacts becomes sufficiently large so that its
dielectric withstand exceeds the voltage across the breaker terminals. Each time the circuit breaker
restrikes, a transient overvoltage is imposed on the reactor. This type of overvoltage has a very fast rate of
rise of voltage that may distribute nonlinearly across the reactor winding turns. Current chopping may
also increase the magnitude of transient overvoltages produced by restrike.
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Multiple restrikes can excite a resonant oscillation in the reactor winding. This may lead to high
frequency overvoltages between some coil winding turns. The following equation approximates the
relation magnitude of the first restrike overvoltage for the reactor shown in Figure 10.37.

CS - CL Vreactor_restrike
k=1+(k,+1)| —— ) k=————— 10.39
(ks )( - CL) e (10.39)

When reactors are not solidly grounded, higher restrike voltages may occur. IEEE C37.015-1993 [14]
provides detailed information for evaluating this type of overvoltages for reactors with different types of
grounding.

Restrike can be mitigated by the use of a surge arrester across the circuit breaker terminals or by the
use of a synchronous opening device with the circuit breaker. Overvoltage caused by restrike can be
limited by adding a surge arrester across the reactor terminals. If multiple restrikes excite the natural
frequency of the reactor winding, employment of an RC circuit can change the resonant frequency of the
circuit and avert high frequency overvoltages between coil winding turns.

10.6 Current Limiting Reactors and Switching Transients

10.6.1 Definitions

Transient recovery voltage (TRV) is the voltage that appears across the contacts of a circuit breaker pole
upon interruption of a fault current. The first time that short circuit current passes through zero after
circuit breaker contacts part, the arc extinguishes and the voltage across the breaker contacts rapidly
increases. If the dielectric strength between the breaker contacts does not recover as fast as the recovery
voltage across the contacts, the breaker will restrike and it will continue to conduct.

There are various sources of high rate of rise of transient recovery voltage, which may potentially
cause the breaker to restrike, e.g., transformer impedance, short-line fault (SLF) or distant fault reflected
waves. In cases where the fault current is limited by the inductance of a current limiting reactor, a high
rate of rise of transient recovery voltage may also occur. It is recommended to conduct a TRV study prior
to selection of a circuit breaker or prior to installation of a current limiting reactor.

10.6.2 Circuit Breakers TRV Capabilities

Rated circuit breaker TRV capabilities can be obtained from the manufacturers or from
various standards such as ANSI C37.06 [8] or IEC 62271 [16]. Breaker TRV capabilities are normally
defined by two sets of parameters. One indicates the maximum voltage peak that the breaker can
withstand and the other one represents the rate of rise of the voltage; in other words, the minimum
time to the voltage peak.

Parameters introduced in ANSI C37.06 define the TRV capability of a breaker by means of two types
of envelopes. For breakers rated 123 kV and above, the envelope has an exponential-cosine shape if the
symmetrical short circuit current is above 30% of the breaker short circuit capability (see Figure 10.40).
At 30% and below, the envelope has a (1-cosine) shape. For breakers rated 72.5 kV and below, the
envelope has a (1-cosine) shape over the entire fault current range. Breakers are also required to
withstand line side TRV originating from a “kilometric fault” or SLE. This type of TRV normally reaches
its peak during the delay time of the source side TRV (see Figure 10.40). When the actual fault current is
less than the circuit breaker rated fault current, breakers can withstand higher TRV voltages in a short
rise time vs. their rated value. As shown in Figure 10.40, when the actual fault current is 60% of rated
value, the breaker can withstand a TRV of 7% higher voltage for a duration 50% shorter than rated time.
Therefore, when using reactors to reduce the short circuit level at a substation, it might be more
beneficial from the TRV point of view, to install current limiting reactors at the upstream feeding
substation where breakers are rated for higher short circuit level.
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FIGURE 10.40 Typical TRV capability envelopes for 123 kV class circuit breaker at (a) 60% and (b) 100% of rated
fault current.

10.6.3 TRV Evaluation

Computer simulation or even manual calculation using the current-injection method can be employed
to evaluate the TRV across the circuit breaker terminals. IEEE C37.011-1994 [17] also provides
some guidance for evaluating the TRV. To conduct the study, electrical characteristics of all the
equipment involved in the TRV circuit is required. Equipment characteristics can normally be obtained
from the equipment nameplate. However, stray capacitances or inductances are not normally shown on
the nameplates. To obtain this information, the equipment manufacturer should be consulted. When
dealing with TRV associated with fault current limited by a current limiting reactor, normally the first
pole to open experiences the highest peak of TRV during an ungrounded three-phase fault at terminal (for
certain conditions during a two-phase-to-ground fault higher TRV can be experienced [18]). The shape of
TRV when fault current is limited by a reactor is oscillatory (under-damped) and is very similar to the TRV
generated when fault current is limited by a transformer impedance.

When modeling a reactor for TRV studies the

Cfl | following items shall be considered:

| | + All types of reactors have stray capacitances.
R(f) These stray capacitances can be obtained from
the manufacturers. Generally stray capacitance
of a dry-type reactor is in the order of a few
hundred pF and an oil filled reactor is in the
—1 JR S order of a few nF, see Figure 10.41.
+ Reactor losses at power frequency are very
small and insignificant. However, as a result
2 = of skin effect and eddy losses at high frequen-

cies (in the range of kHz), the reactor losses
are significant (see Figure 10.41). This charac-
teristic of the reactor can help to damp the

FIGURE 10.41 Reactor model for TRV studies
where Cy and C,, are the stray capacitance of

reactor terminals to ground. C, terminal to transients and shall be reflected in the model
terminal stray capacitance; L, reactor inductance; by including a frequency dependent resistance
R(f), reactor frequency dependent resistance. in series with the reactance.
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FIGURE 10.42 Results of a TRV study for a subtransmission substation: (a) Breaker TRV capability, (b) system
TRV when no reactor installed, (c) system TRV when a current limiting reactor installed, and (d) system TRV with
capacitor across reactor terminals.

10.6.4 TRV Mitigation Methods

Should the system TRV exceed the breaker capability, one or a combination of the following mitigation
methods can be employed:

* Installation of a capacitor across the reactor terminals.
+ Installation of a capacitor to ground from the reactor terminal connected to the breaker. For bus
tie reactors, capacitors shall be installed to ground at both reactor terminals.

From a TRV point of view, either of the previous mitigation methods is acceptable. However, from the
economic point of view it is more cost effective to install the capacitor between the reactor terminals,
since the steady-state voltage drop across the reactor is significantly lower than the line-to-ground
voltage and as a result a lower voltage capacitor can be used.

Figure 10.42 shows the result of a TRV study for a subtransmission substation. Curve (b) in this
figure shows the system TRV prior to installation of a current limiting reactor. It slightly exceeds the
breaker capability depicted by curve (a). After installation of a current limiting reactor the system TRV
(Figure 10.42, curve (c)), exceeds the breaker capability significantly. To reduce the rate of rise of TRV,
a capacitor was installed across the reactor terminals. As is shown in curve (d) the system TRV has been
modified to an acceptable level.

10.7 Reactor Loss Evaluation

Loss evaluation is often given a high profile by utilities in their tender analysis when purchasing reactors.
The consideration of the cost of losses can be a significant factor in the design of reactors, so that the
purchaser needs to ensure that loss evaluation, if applied, is made under clearly defined conditions
according to clearly defined procedures. Reactor designs can readily be modified to provide the lowest
loss evaluated total equipment cost (the sum of capital cost and cost of losses as calculated from the loss
evaluation).

10.7.1 Reactor Losses

The losses in a reactor loaded with fundamental current and, if present, with harmonic current can be
determined by
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where
P =The reactor loss, kW
n =The harmonic number (n=1.... fundamental current)

N = The maximum harmonic order

I, =The current in the reactor at harmonic order #, in amperes
X,,= The reactor reactance at harmonic order n, ()

Q,, = The reactor Q-factor at harmonic order n

Unlike transformers, reactors do not have no-load losses and in most cases nil or negligible auxiliary
losses (oil-immersed reactors only; cooling fans, oil pumps, etc.). If a reactor is off-load, then the losses
are zero; and if the reactor is energized, then it exhibits power loss consumption. Thus, reactor losses
may be treated in the same way as transformer load losses.

The main aspects that need to be considered when assessing reactor losses are

anticipated load profile (load factor),

rated (operating) busbar voltage (for shunt and filter reactors),
ambient temperature, and

harmonics.

Ll .

Series reactors (current limiting and load balancing reactors) are load cycled and thus the loss will vary
with current. Shunt reactors are constantly at full load when they are connected to the bus. Their losses
will only depend on the operating voltage of the busbar and the cost of losses is a function of connection
time (in-service time).

As the reactor losses vary with temperature, it is important to specify an appropriate reference
temperature at which the losses shall be declared by the reactor manufacturer. A standard reference
level is 75°C. In case of highly loss evaluated reactors, the temperature rise of the winding is usually low.
For this condition, it is reasonable to specify a lower reference temperature. For example, if the average
winding temperature rise of a reactor is 35°C and the average ambient is 20°C, then 55°C, instead of
75°C, will better represent a reference temperature for loss evaluation.

It should be noted that harmonic currents can be decisive in declaring the losses for filter reactors, but
the losses at harmonic frequencies of reactors other than filter reactors are usually almost negligible in
comparison to those at fundamental frequency. Also, harmonic losses (Q-factor) are not usually
included in loss evaluations since filter quality factors at the tuning frequency are often dictated by
other filter design considerations such as filter bandwidth, damping requirements, and required level of
harmonic filtering.

10.7.2 Basic Concepts for Loss Evaluation

Each supply authority determines the cost of losses for its own particular operating conditions. Because
these differ from authority to authority, the cost of capitalized losses will also vary. The cost of losses is
generally the sum of two components:

a) The cost reflecting the generating capacity (installation cost): The cost required for installing the
generating capacity to supply the peak losses in the supply system so that in turn it can supply
the power losses in the reactors. The cost of capacity is generally assumed to be the lowest cost
means of providing the peaking capacity, e.g., gas turbine peaking units, or alternatively it may be
based on the average costs of new generating capacity.

b) The energy cost (kilowatt-hour cost) of reactor losses: The energy cost to reflect the actual cost of
supplying the energy consumed by the reactor. Because energy is consumed through the entire life
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of the reactor, further factors need to be considered to determine a present value worth of the
future losses. These include

« the load factor or in-service time (shunt reactors),

+ the efficiency of supplying the energy consumed by the reactor,
+ the cost escalation rate for energy,

+ the discount rate for present valuing future costs, and

+ the anticipated operating life of the reactor.

Typical loss evaluation figures (load power loss cost rates, LLCR), range from a few hundred dollars per
kilowatt to a few thousands of dollars per kilowatt.

Loss penalties for reactors with measured losses exceeding guaranteed values are often applied at the
same rate as the evaluation. A method to calculate the LLCR is provided in IEEE Std. C57.120-1991 IEEE
Loss Evaluation Guide for Power Transformers and Reactors [20].

10.7.3 Operational Benefits of Loss Evaluation

Where loss evaluations are significant and result in lower loss reactor designs, further operational
advantages may ensue including

1. lower reactor operating temperature and hence increased service life,
2. increased reactor overload capability, and
3. less cooling required for indoor units.

10.8 De-Q’ing

Various levels of electrical damping are required in a number of reactor applications including harmonic
filters, shunt capacitor banks, and series capacitor banks. All are inductive or capacitive circuits and
damping is usually governed by the resistive component of the reactor impedance. If this is insufficient,
then other means of providing damping must be employed. The required level of damping in a
harmonic filter depends on system parameters. In the case of harmonic filter, shunt capacitor bank,
and series capacitor bank applications, the required level of damping is system design driven. Damping
is usually required at a specific frequency. The Q-factor is a measure of the damping; the lower the Q the
higher the damping. The Q-factor is the ratio of reactive power to active power in the reactor at a
specific frequency. In cases requiring high damping, the natural Q-factor of the reactor is usually too
high. However, there are methods available to reduce the Q of a reactor by increasing the stray losses
through special design approaches, namely, increasing conductor eddy loss and mechanical clamping
structure eddy loss. In the case of reactors for shunt capacitor banks and series capacitor bank
applications this method is usually sufficient. In the case of reactors for harmonic filter applications
other more stringent approaches may be necessary. One traditional method involves the use of resistors
that, depending on their rating, can be mounted in the interior of the reactor or on the top of the reactor
or separately mounted. Resistors are usually connected in parallel with the reactor. Figure 10.43 shows a
tapped filter reactor, separately mounted resistor arrangement for an ac filter on an HVDC project.

Another more innovative and patented approach involves the use of de-Q’ing rings, which can reduce
the Q-factor of the reactor by a factor of as much as 10. A filter reactor with de-Q’ing rings is illustrated
in Figure 10.44. The de-Q’ing ring system comprises a single or several coaxially arranged closed rings
that couple with the main field of the reactor. The induced currents in the closed rings dissipate energy
in the rings, which lowers the Q-factor of the reactor.

Because of the large energy dissipated in the rings, they must be constructed to have a very large
surface to volume ratio in order to dissipate the heat and are therefore usually constructed of thin tall
sheets of stainless steel. Cooling is provided by thermal radiation and by natural convection of the
surrounding air, which enters between the sheets at the bottom end of the de-Q’ing system and exits at
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FIGURE 10.44 Tapped filter reactor with de-Q’ing rings.
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its top end. The stainless steel material used for the rings may be operated up to about 300°C without
altering the physical characteristics or parameters. Especially important is that the variation of resistance
with temperature is negligible. The physical dimensions of the rings, their number, and location with
respect to the winding are chosen to give the desired Q-factor at the appropriate frequency.

The Q characteristic of a reactor with de-Q’ing rings is very similar to that of a reactor shunted by a
resistor. The basic theory for both approaches is described in the following paragraphs.

10.8.1 Paralleled Reactor and Resistor

Figure 10.45(a) shows the circuit diagram corresponding to a resistor in parallel with a fully modeled
reactor, i.e., one having series resistance. For simplicity it is assumed that the series resistance is not
frequency dependent. For this nonideal case, the expression for Q is given by the following equation:

le Rp

Q= RR TR+ o2

(10.41)

where
L, = self inductance of reactor, H
R, = resistance of parallel resistor, ()
R, = series resistance of reactor, {)

The Q vs. frequency characteristic is shown in Figure 10.45b. For very low frequencies the system
behaves like a series R-L circuit, i.e., Q is approximately equal to wL,/R, and Q equals zero when
equals zero. For very high frequencies the system behaves like a paralleled R-L circuit, Q is approxi-
mately equal to R,/wL, and Q approaches zero as  approaches infinity. It can be shown that Q reaches
a maximum at a frequency given by the following equation:

1
w:fd&&+@ (10.42)
1

and the maximum value of the Q is given by the following equation:

N
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FIGURE 10.45 (a) Circuit diagram corresponding to a resistor in parallel with a fully modeled reactor, i.e., one
having series resistance; (b) Q vs. frequency characteristic of a reactor with parallel resistor.
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10.8.2 Reactor with a De-Q’ing Ring

Qmax =

The circuit diagram is shown in Figure 10.46a. For simplicity, it will be assumed that the series resistance
is not a function of frequency. The expression for Q as a function of frequency is given by the following
equation:

@ (L1 - ML) + wR L,

= 10.44
*(R,M? + R|I2 + R R?) (10.44)

where
L, = self inductance of reactor, H
L, = self inductance of de-Q’ing ring system, H
M = mutual inductance between reactor and de-Q’ing ring system, H
R, = series resistance of reactor, ()
R, =resistance of de-Q’ing ring system, ()

The shape of the Q vs. frequency characteristic depends upon the value of the coupling factor and also
on the values of the series resistance and load resistance. Figure 10.46b is a typical characteristic for a
practical reactor. It is seen that the Q curve has both a maximum and a minimum. In general, the
maximum depends mostly on the series resistance whereas the minimum depends primarily on the
coupling factor and the ring resistance.

10.8.3 Summary

Figure 10.47 contains a graph of Q vs. frequency for a natural Q-filter reactor, a filter reactor plus parallel
resistor, and a filter reactor with a de-Q’ing ring system. Note the virtually identical Q vs. f characteristic
for the parallel resistor vs. de-Q’ing ring option.

G
(a) (b)

f

FIGURE 10.46 (a) Circuit diagram for a reactor with a de-Q’ing ring; (b) Typical graph of Q vs. frequency for
a reactor plus de-Q’ing rings.
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FIGURE 10.47 Graph of Q vs. frequency for natural Q-filter reactor, a filter reactor plus parallel resistor, and a
filter reactor with a de-Q’ing ring system.

10.9 Sound Level and Mitigation

10.9.1 General

The primary source of sound from dry-type and oil-immersed reactors is related to electromagnetic
forces generated at fundamental power frequency current and where applicable, harmonic frequency.
The sources of sound in dry-type air-core reactors are the “breathing mode” (expansion or relaxation)
vibrations of the windings resulting from the interac