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| EEE Standar ds documents are developed within the |EEE Societies and the Standards Coordinating Com-
mittees of the IEEE Standards Association (IEEE-SA) Standards Board. Members of the committees serve
voluntarily and without compensation. They are not necessarily members of the Institute. The standards
developed within |EEE represent a consensus of the broad expertise on the subject within the Institute as
well as those activities outside of |EEE that have expressed an interest in participating in the development of
the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE Standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard. Every |EEE Standard is subjected to review at least every five years for
revision or reaffirmation. When a document is more than five years old and has not been reaffirmed, it isrea-
sonable to conclude that its contents, although still of some value, do not wholly reflect the present state of
the art. Users are cautioned to check to determine that they have the latest edition of any |EEE Standard.

Comments for revision of |EEE Standards are welcome from any interested party, regardless of membership
affiliation with |EEE. Suggestions for changes in documents should be in the form of a proposed change of
text, together with appropriate supporting comments.

Interpretations. Occasionally questions may arise regarding the meaning of portions of standards as they
relate to specific applications. When the need for interpretations is brought to the attention of 1EEE, the
Institute will initiate action to prepare appropriate responses. Since |EEE Standards represent a consensus of
al concerned interests, it isimportant to ensure that any interpretation has also received the concurrence of a
balance of interests. For this reason, IEEE and the members of its societies and Standards Coordinating
Committees are not able to provide an instant response to interpretation requests except in those cases where
the matter has previously received formal consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331

USA

Note: Attention is called to the possibility that implementation of this standard may
require use of subject matter covered by patent rights. By publication of this standard,
no position is taken with respect to the existence or validity of any patent rights in
connection therewith. The IEEE shall not be responsible for identifying patents for
which alicense may be required by an |EEE standard or for conducting inquiries into
the legal validity or scope of those patents that are brought to its attention.

Authorization to photocopy portions of any individual standard for internal or personal useis granted by the
Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright
Clearance Center. To arrange for payment of licensing fee, please contact Copyright Clearance Center, Cus-
tomer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; (978) 750-8400. Permission to photocopy
portions of any individual standard for educational classroom use can also be obtained through the Copy-
right Clearance Center.
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Introduction

(Thisintroduction is not part of |IEEE Std 449-1998, | EEE Standard for Ferroresonant VVoltage Regulators.)

The purpose of this standard isto provide acommon ground of understanding between engineersinvolved in
the design, manufacture, sale, and use of ferroresonant transformers. It pertains to ferroresonant transform-
ers used as regulators in electronic power supplies and in other equipment where the inherent properties of
voltage regulation and current limiting are useful.

This publication was prepared by the Ferroresonant Transformer Subcommittee of the Electronics
Transformer Technical Committee of the IEEE Power Electronics Society. The subcommittee had the
following membership:

Hassan Yar pezeshkan, Chair

Jack S. Andresen Charles J. Elliott David N. Ratliff
Robert B. Beers Paul K. Goethe Robert Lee Sell

|.D. Bolt W. D. Goethe J. Silgailis

J. E. Cronk Rohn R. Grant Bruce D. Thackwray
John DeCramer Harold E. Lee Matthew A. Wilkowski

The following members of the balloting committee voted on this standard:

Jack S. Andresen Rohn Grant Glenn Skutt

Robert B. Beers Ryusuke Hasegawa Charles Sullivan
Lowell Bosley Harold E. Lee John Tardy

John DeCramer Ashraf Lofti Bruce D. Thackwray
Charles J. Elliott David N. Ratliff Matthew A. Wilkowski
Paul K. Goethe Robert Lee Sell Hassan Yarpezeshkan

The Ingtitute wishes to acknowledge its indebtedness to those who have given so freely of their time and
knowledge in the development of the origina version of this standard. The followship of authors of the
inaugural publication, IEEE Std 449-1984, include the following distinguished members:

ClydeH. Nicholson, Chair Dale L eppart, Secretary
Jack Adams Hermann Fickenscher Robert L. Sdll
Lawrie Anderson Paul K. Goethe Ray Taylor
Dale Corel Harold E. Lee Hermann Tillinger
Wayne C. Emerson Bill Lucarz Donald A. Trott

When the |IEEE-SA Standards Board approved this standard on 8 December 1998, it had the following

membership:
Richard J. Holleman, Chair Donald N. Heirman, Vice Chair
Judith Gorman, Secretary

Satish K. Aggarwal James H. Gurney L. Bruce McClung
Clyde R. Camp Jm D. Isaak Louis-Frangois Pau
JamesT. Carlo Lowell G. Johnson Ronald C. Petersen
Gary R. Engmann Robert Kennelly Gerald H. Peterson
Harold E. Epstein E. G. “Al” Kiener John B. Posey
Jay Forster* Joseph L. Koepfinger* Gary S. Robinson
Thomas F. Garrity Stephen R. Lambert Hans E. Weinrich
Ruben D. Garzon Jim Logothetis Donald W. Zipse

Donald C. Loughry

*Member Emeritus

Greg Kohn
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|IEEE Standard for Ferroresonant
Voltage Regulators

1. Scope

This standard pertains to ferroresonant voltage regulators that operate at relatively constant frequencies and
provide substantially constant output voltages in spite of relatively large changes of input voltage. It also
covers controlled ferroresonant regulators that maintain substantially constant output voltages regardless of
variations, within limits, of input voltage, temperature, frequency, and output |oad. Guides to application and
test procedures are included. Provisions are made for relating the characteristics of ferroresonant regulators
to associated rectifiers and circuits. Definitions pertaining to ferroresonance and ferroresonant regul ators that
have not been found el sawhere are included with an appropriate discussion.

This standard includes, but is not limited to, the following types of ferroresonant regulators:

a)  Seriesferroresonant regulators

b) Series-parald ferroresonant regulators (electrically connected)
c¢) Ferroresonant transformer regulators (magnetically coupled)

d) Controlled ferroresonant regulators

2. References

This standard shall be used in conjunction with the following publications. When the following publications
are superseded by an approved revision, the revision shall apply.

ANSI S1.2-1962 (Reaff 1976), American National Standard Method for the Physical Measurement of
Sound.t

ANSI S1.4-1983, American National Standard Specification for Sound Level Meters.2

|EEE Std 100-1996, | EEE Standard Dictionary of Electrical and Electronics Terms, Sixth Edition.3

1ANSI S1.2-1962 has been withdrawn; however, copies can be obtained from the Sales Department, American National Standards
Ingtitute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/).

2ANS publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor,
New York, NY 10036, USA (http://www.ansi.org/).
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IEEE Std 260.1-1993, American National Standard Letter Symbols for Units of Measurement (S Units,
Customary Inch-Pound Units, and Certain Other Units).

IEEE Std 280-1985 (Reaff 1997), IEEE Standard Letter Symbols for Quantities Used in Electrical Science
and Electrical Engineering.

IEEE Std 389-1996, |EEE Recommended Practice for Testing Electronics Transformers and Inductors.

IEEE Std 436-1977, IEEE Guide for Making Corona (Partial Discharge) Measurements on Electronics
Transformers.*

3. Definitions

For purposes of this standard, the following terms and definitions apply. IEEE Std 100-1996°, The IEEE
Standard Dictionary of Electronics and Electrical Terms, should be referenced for terms not defined in this
clause.

The letters and graphic symbols used in this standard shall be in accordance with |EEE Std 260-1978 and
|EEE Std 280-1985 insofar as they apply, except as herein stated.

3.1 air gap: The space between the magnetic shunt and the core, used to establish the required reluctance of
the shunt flux path.

3.2 basic seriesferroresonant voltage regulator: This regulator consists of a series connection of a saturat-
ing inductor and a capacitor connected across the source. The load is inductively or conductively coupled to
the saturating inductor. See Figure 1.

NOTE—Applications of this circuit are limited by the requisite large ratio of reactive to real powers.

C

11
ALTERNATING STABILIZED
INPUT VOLTAGE OUTPUT VOLTAGE

L1 SATURATING INDUCTOR
C RESONATING CAPACITOR

Figure 1—Basic series ferroresonant voltage regulator

3.3 basic series parallédl ferroresonant voltage regulator: This regulator consists of an essentially linear
inductor connected in series with a parallel combination of a nonlinear inductor and a capacitor. This

SIEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, PO. Box 1331, Piscataway,
NJ 08855-1331, USA (http://www.standards.ieee.org/).

4IEEE Std 436-1977 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East, Engle-
wood, CO 80112-5704, USA, tel. (303) 792-2181 (http://www.global .ihs.com/).

5 nformation on references can be found in Clause 2.
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combination is connected across the source as shown in Figure 2. Load voltage is derived by inductive or
conductive coupling to the nonlinear inductor.

L2

O———rYYYyry¥m 0
ALTERNATING c _J_ STABILIZED
INPUT VOLTAGE T OUTPUT VOLTAGE

L1
O- O

L1 SATURATING INDUCTOR
L2 LINEAR INDUCTOR
C RESONATING CAPACITOR

Figure 2—Basic series parallel ferroresonant voltage regulator

3.4 controlled ferroresonant regulators: A regulator consisting basically of an inductor connected in series
with a paralel combination of a capacitor and controllable simulated inductor. This combination is
connected across the source as shown in Figure 3. Stabilized output voltage is derived by inductive or
conductive coupling to the parallel combination of C and the controllable simulated inductor. In a controlled
ferroresonant regulator the controllable simulated inductor can be a combination of switching devices (such
as thyristors or transistors) and linear or saturating inductors. This circuit, in combination with a control
input to the simulated inductor, controls the flux swing (or smulated flux swing) in the saturated (or
simulated saturating) inductor, thereby controlling the stabilized output voltage.

L2

O FYY Y\ O
CONTROLLABLE
ALTERNATING c == SIMULATED STABILIZED
INPUT VOLTAGE 0T INDUCTOR OUTPUT VOLTAGE
O € O
CONTROL
INPUT
OUTPUT

L2 INDUCTOR
C RESONATING CAPACITOR

Figure 3—Controlled ferroresonant regulator schematic

3.5 ferroresonance: The steady-state mode of operation that exists when an alternating voltage of sufficient
magnitude is applied to a circuit consisting of capacitance and ferromagnetic inductance causing changesin
the ferromagnetic inductance that are repeated each half cycle.

NOTE—When certain critical relations exist among circuit parameters, self-sustaining subharmonic or harmonic oscilla-
tions may also be excited in the circuit.
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3.6 ferroresonant voltage regulation: The effect obtained by the limiting action of the saturation character-
istic of the magnetic material in a ferroresonant circuit, which regulates the output voltage over a specified
range of input voltages and a specified frequency of excitation.

NOTE—This effect regulates the half-cycle average value of the output voltage.

3.7 ferroresonant voltage regulator transformer: A high-reactance transformer employing magnetic
shunts that allow the magnetic functions of the basic series parallel ferroresonant regulator circuits to be
combined into a single magnetic component. See Figure 4 and Figure 5.

NOTE—Hereafter thiswill be referred to as a ferroresonant transformer.

PRIMARY SECTION
OF THE CORE

PRIMARY O /
MAGNETIC SHUNT
WINDING q [ |
% QUTPUT WINDING
AIR GAP = %/
// -O
d 1
O
q me RESONATING CAPACITOR
/ A _I_
\
SECONDARY SECTION RESONATING WINDING
OF THE CORE

Figure 4—Common form of the ferroresonant transformer voltage regulator

PRIMARY

WINDING ————

AIR GAP/

SECONDARY SECTION
OF THE CORE ——————

~«————— PRIMARY SECTION OF THE CORE

—— ~«=——— MAGNETIC SHUNT

i ~—— OUTPUT WINDING
é; % RESONATING CAPACITOR
RESONATING WINDING

Figure 5—Schematic of a common form of the ferroresonant
transformer voltage regulator

3.8 jump resonance: A phenomenon associated with ferroresonant regulators where the output voltage
suddenly changes to the regulating mode of operation at some value of the ascending input voltage (see
Figure 6 and Figure 7), or suddenly drops out of the regulating mode of operation with descending

input voltage.

4
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QUTPUT VOLTAGE 4
REGULATING
‘ MODE

T ]
|<— JUMP RESONANCE UP

|

REGULATING MODE |

]

JUMP RESONANCE DOWN 1+

INPUT VOLTAGE

Figure 6—Output versus input voltage with jump resonance

INPUT CURRENT A

JUMP RESONANCE UP
JUMP RESONANCE DOWN —

REVERSAL POINT

o

INPUT VOLTAGE

Figure 7—Reversal point with jump resonance

3.9 magnetic shunt: The section of the core of the ferroresonant transformer that provides the major path
for flux generated by the primary winding current that does not link the secondary winding. In addition, the
shunts provide amajor path for the flux resulting from the output and resonating winding currents that do not
link the primary winding.

3.10 output voltage ver susinput voltage char acteristics. Ferroresonant regul ators may have output versus
input characteristics as shown in Figure 6 and Figure 8.

]
| REGULATING
OUTPUT VOLTAGE
f MODE "‘

}

REGULATING MODE

INPUT VOLTAGE
Figure 8—Output versus input voltage without jump resonance

3.11 output winding: The winding of the ferroresonant transformer used to provide the regulated output
voltage.

NOTE—The output winding is wound on the secondary section of the core and separated from the primary by a mag-
netic shunt.

3.12 overall regulation (power supplies): The maximum amount that the output will change as aresult of
the specified change in line voltage, output load, input frequency, temperature, or time.
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NOTE—Line regulation, load regulation, effect of frequency variation, stability, and temperature coefficient are defined
and usually specified separately as follows:

— Line regulation. The maximum amount that the output voltage or current will change as the result of a specified
changein line voltage. (Regulation is given either as a percentage of the rated output voltage or current, or as an
absolute change, AE or Al.)

— Load regulation. The maximum amount that the output voltage will change as the result of a specified changein
load current. (Regulation is given either as a percentage of the rated output voltage or as an absolute change,
AE.)

—Freguency regulation. The maximum amount that the output voltage or current will change as the result of a
specified change in line frequency. (Regulation is given either as a percentage of the rated output voltage or
current, or as an absolute change, AE or Al )

— Temperature coefficient (power supplies). The percent change in the output voltage or current as a result of a
1°C change in the ambient operating temperature (percent per degree Celsius).

—Long-term stability (LTS) (power supplies). The change in output voltage or current as a function of time, at
constant line voltage, load, and ambient temperature (sometimes referred to as drift).

3.13 overload characteristic: That portion of the output voltage versus output current characteristic of fer-
roresonant regulators from rated current to short-circuit current. Figure 9 shows the typical overload charac-
teristic when inductor L2 (see Figure 2) does not saturate. Figure 10 shows the effect of L2 saturation in the
overload condition where the short-circuit current is less than maximum overload current.

‘1 REGULATING MODE}‘*

OVERLOAD
CHARACTERISTIC
AT MINIMUM

INPUT VOLTAGE —+—
i

OUTPUT VOLTAGE

OVERLOAD CHARACTERISTIC AT
MAXIMUM INPUT VOLTAGE

SHORT-CIRCUIT CURRENT
RATED CURRENT

N

OUTPUT CURRENT

Y

Figure 9—Overload characteristic with unsaturated series inductance

4‘{ REGULATING MODE }‘7

[
f
[
!
|
|
|

OUTPUT VOLTAGE

OVERLOAD CHARACTERISTIC AT
MAXIMUM INPUT VOLTAGE

OVERLOAD |
CHARACTERISTIC |
AT MINIMUM |
INPUT VOLTAGE | SHORT - CIRCUIT CURRENT
RATED CURRENT

!
|
l Ll
!

OUTPUT CURRENT
MAXIMUM OVERLOAD CURRENT

Figure 10—Overload characteristic with saturated series inductance
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3.14 primary section of the core: The section of the core of a ferroresonant transformer on which the
primary winding is wound.

3.15 primary winding: The winding of the ferroresonant transformer to which the input voltage is applied.

3.16 rated input power: The input power to the ferroresonant regulator with the rated load and under stated
operating conditions.

3.17 rated input voltamperes: The input voltamperes to the ferroresonant regulator with the rated load and
under stated operating conditions.

3.18 rated output voltamperes of the ferroresonant regulator: The sum of the rated output winding
voltamperes under stated operating conditions.

3.19 rated output winding voltamperes. The product of the output voltage and output current (root-mean-
square values) at the rated load and under stated operating conditions.

3.20 resonating capacitor: Provides the capacitance associated with ferroresonant regulating circuits for
the purpose of producing ferroresonance.

3.21 resonating capacitor voltamperes: The product of the voltage across the resonating capacitor and the
current through the resonating capacitor (root-mean-square values) under stated operating conditions.

3.22 resonating winding: The winding of the ferroresonant transformer used to connect the resonating
capacitance to the circuit.

NOTE—It is wound on the secondary section of the core and is separated from the primary winding by a magnetic
shunt. It may itself be the output winding or a portion of the output winding.

3.23 reversal point: That point on the input current versus input voltage characteristics where the input cur-
rent reaches a minimum value and begins to increase. See Figure 7 and Figure 11.

INPUT
CURRENT

RESONANCE POINT

~«—— REVERSAL POINT

—

INPUT VOLTAGE

Figure 11—Reversal point without jump resonance

3.24 secondary section of the core: The section of the ferroresonant transformer on which the output and
resonating windings are wound. In steady-state operation, this section of the core is normaly driven into
magnetic saturation.

3.25 short-circuit input voltamperes: The product of the input voltage and input current (rms values) with
the resonating winding short circuited.
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