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Introduction

 

(This introduction is not a part of IEEE Std 111-2000, IEEE Standard for Wide-Band (Greater Than 1 Decade)
Transformers.)

 

This standard is intended to provide a common ground for understanding between systems engineers and
transformer design engineers. Little published data on transformers is directly useful to engineers designing
systems involving feedback loops. Phase and frequency response data are needed on transformers (and other
components) used in these systems. It is the hope that this standard will eventually influence transformer
manufacturers to include such information in their published data on wide-band frequency transformers.

This standard is a combination of two original standards: IEEE Std 111-1971 and IEEE Std 264-1977. Both
of these standards were first issued as trial-use documents in 1962 and 1965, respectively. These trial use
documents were prepared under the chairmanship of A.D. Hasley and J.P. Whistler, respectively.

At the time this standard was approved, the frequency range subcommittee of the Electronics Transformers 
Technical Committee of the IEEE Power Electronics Society had the following members:
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IEEE Standard for Wide-Band (Greater 
Than 1 Decade) Transformers

 

1. Scope

 

1.1 General 

 

This standard pertains to electronics wide-band transformers transmitting power within a wide band of
frequencies covering typically at least one decade in the frequency spectrum. It is not intended to apply to
transformers optimized to operate within a narrow band of frequencies. Transformers used in, or in conjunc-
tion with, wire line communication facilities serving power stations are excluded due to the special protec-
tion requirements involved. Provision is made for including data for use in the design of feedback amplifiers
and control networks, or other circuits in which the knowledge of the transformer amplitude and phase-
frequency response is needed by the system designer. These transformers are required to transform voltage
within specified tolerances of amplitude and phase when operating between specified impedances. Guides to
application and test procedures are included. The annexes within this standard contain certain precautions
and recommended practices.

This standard also pertains to hybrid transformers, primarily used in the telecommunications industry. The
hybrid transformer is a wide-band transformer used in a manner which makes it part of a capacitance, resis-
tance, and/or inductance network, and it must have characteristics which permit it to match the network for
proper overall performance.

 

1.2 Typical types of transformers to which this standard applies

 

1.2.1 Audio frequency transformers

 

Audio frequency transformers may cover a limited frequency range such as that used in voice communica-
tions, or may cover a part or all of the frequencies from 5 Hz to 100 000 Hz when used in high fidelity or
similar amplifiers. Voltages or signals correspond directly to speech or music amplitude and phase variations
within this range of frequencies. Performance characteristics one or more octaves beyond the specified range
may be of interest and specified. Feedback and other windings or taps may be incorporated in the design.
The mode or class of amplifier operation (i.e., Class A, B, AB, etc.) must be recognized and taken into
consideration.
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1.2.2 Transducer service transformers 

 

Transducer service transformers are stepdown ratio transformers having one or more secondary windings
with or without center taps. The load impedance may be permitted to vary with frequency or with other
parameters, but the transformer performance is generally based on a specific load impedance.

 

1.2.3 Random noise transformers

 

Random noise transformers are used in vibration machine applications. They are subject to random signals
of varying amplitude and duration. Response may be expressed in terms of the frequency spectrum but the
amplitude variation allowable over the relevant frequency range is much greater than for audio-frequency
transformers because of the Gaussian distribution of random noise. Random noise transformers are often
included in feedback loops. When included in such a loop, their amplitude and phase response is of interest
and all of the problems listed in 9.3 must be solved in addition to producing a transformer capable of
handling the amplitude of random noise.

 

1.2.4 Modulation transformers

 

Modulation transformers are used in amplitude-modulated transmitters and may employ a modulation
inductor to bypass the final amplifier supply current.

The transformer is used in a manner which makes it part of a capacitance, resistance, and inductance net-
work, and it must have characteristics which permit it to match the network for proper overall performance.
Phase angle, frequency response, and impedances are important measurements and are required to be made
in the actual or substitute network with the major elements in place to establish performance. Modulation
transformers are usually designed for specific applications and large units are not considered suitable for
general purpose use.

 

1.2.5 Driver transformers

 

Driver transformers are used to supply power to the control elements of Class AB

 

2

 

 and Class B

 

2

 

 amplifier
tubes and transistors.

 

1.2.6 Line-matching transformers 

 

Line-matching transformers are used where power is received at one impedance level and delivered at
another.

 

1.2.7 Load-matching autotransformers 

 

Load-matching autotransformers are used where power is received at one impedance level and provides out-
put tabs at various impedances, and vice versa.

 

1.2.8 Control-system transformers

 

Control-system transformers are used in open- or closed-loop (feedback) control systems. The transformers
used in the closed-loop system are subject to signals of a definite carrier frequency, modulated in accordance
with error signals imposed by the control system requirements. The response of these transformers to control
signals may be expressed either in terms of frequency and phase or in Laplace terms. In this standard, the
phase and amplitude frequency response terms are used.
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1.2.9 Ultrasonic frequency transformers

 

Ultrasonic frequency transformers are used in various communications and industrial applications in which
the lowest frequency is higher than 10 kHz.

 

1.2.10 Carrier frequency transformers 

 

Carrier frequency transformers transmit signals of specified frequency which are modulated or varied in
amplitude, phase, or frequency.

 

1.2.11 Video frequency transformers

 

Video frequency transformers are characterized by an exceptional wide-band transmission characteristic
over part or all of the range from 10 Hz to 10 Mhz for composite video, or 50 Mhz to 750 Mhz for commer-
cial television applications.

Operated from solid-state power source devices. The use of Class AB

 

2

 

 or Class B

 

2

 

 current operation and
their effect in the secondary winding must be recognized.

 

1.2.12 Single-core hybrid transformers

 

For single-core hybrid transformers, the hybrid function is provided by a single transformer in conjunction
with external circuit elements.

 

1.2.13 Two-core hybrid transformers

 

For two-core hybrid transformers, the hybrid function requires two identical or essentially similar transform-
ers in conjunction with external circuits.

 

NOTE: When inductors (reactors) are used in wide-band circuits, the required degree of linearity and self-resonance
must be specified.

 

2. References

 

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

IEEE Std C57.98-1993, IEEE Guide for Transformer Impulse Tests.

 

3. Definitions

 

Electrical terms used in this standard shall be in accordance with those given in The Authoritative Dictionary
of IEEE Standards Terms [B5].

 

3.1 conjugate branches (ports):

 

 Any two branches (ports) of a network such that a driving force impressed
in either branch (port) produces little or no response in the other. 

 

NOTE—In Figure 25, Z0 and Z3 are conjugate branches (ports) and Z1 and Z2 are likewise.

 

3.2 hybrid balance:

 

 The degrees of impedance balance between impedance Z1 and Z2 connected to two
conjugate ports of a hybrid transformer (see Figure 25). Hybrid balance is measured as a return loss using
one of the remaining two ports of the hybrid transformer as the sending end and the other as the receiving
end. With reference return loss set to zero for Z1= 0 or Z2= 0, the measure of hybrid balance is given by: 
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20log10 ((Z2+Z1)/(Z2-Z1)).

 

3.3 hybrid transformer:

 

 A transformer or transformer network with four distinct pairs of terminals
designed to provide a means of achieving a balanced bridge condition so that transmission can take place
between certain pairs of terminals while isolation is maintained between others.

 

3.4 trans-hybrid loss:

 

 The power delivered from one port of a hybrid transformer to its conjugate port is
measured under two conditions:

 

Condition 1:

 

 When one of the other two ports is open-circuited.

 

Condition 2:

 

 When all ports are terminated in their proper impedances.

The ratio of the two powers, usually expressed in db, is defined as trans-hybrid loss.

 

4. Symbols

 

Symbol Term denoted

 

a

 

transformer ratio

A, B, C, D bridge corner designations

 

C

 

A

 

, 

 

C

 

D

 

capacitance connected to bridge corners A and D, respectively

 

C

 

AB

 

capacitance connected between bridge corners A and B

 

C

 

P

 

distributed capacitance of primary winding

 

C

 

S

 

distributed capacitance of secondary winding

 

C

 

sh

 

effective parallel capacitance

 

e

 

variable ac potential source

 

E

 

O

 

output potential

 

E

 

I

 

input potential

 

f

 

frequency

 

f

 

1

 

low-frequency 1 dB point

 

f

 

2

 

high-frequency 1 dB point

 

f

 

o

 

 (mid-band frequency)

 

G

 

AB

 

conductance connected between bridge corners A and B

 

G

 

sh

 

conductance, 1/

 

R

 

sh

 

k

 

coefficient of coupling

 

L

 

L

 

, 

 

L

 

1

 

L

 

, 

 

L

 

2

 

L

 

leakage inductances

 

L

 

11

 

self-inductance; primary

 

L

 

22

 

self-inductance; secondary

 

L

 

12

 

mutual inductance; inductance common to primary and secondary

 

L

 

sh

 

shunt or parallel inductance

 

L

 

ser

 

series inductance

 

N

 

1

 

, 

 

N

 

p

 

primary turns

f 1 f 2⋅
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N

 

2

 

, 

 

N

 

s

 

secondary turns

 

Q

 

quality factor

 

ρ

 

reflection coefficient

s seconds

 

R

 

c

 

core loss resistance

 

R

 

p

 

primary winding resistance

 

R

 

s

 

secondary winding resistance

 

R

 

1

 

, 

 

R

 

2

 

, 

 

R

 

3

 

, 

 

R

 

4

 

terminating resistance

 

R

 

A

 

, 

 

R

 

B

 

resistance connected to bridge corners A and B, respectively

 

R

 

AD

 

, 

 

R

 

AB

 

, 

 

R

 

BC

 

resistance connected between bridge corners A and D, A and B, B and C, respectively

 

R

 

l

 

, 

 

R

 

1

 

l

 

, 

 

R

 

2

 

l

 

leakage resistances

 

R

 

L

 

load resistance

 

R

 

G

 

source resistance

 

R

 

sh

 

shunt or parallel resistance

 

R

 

ser

 

series resistance

 

t

 

temperature of winding, hot

 

t

 

1

 

reference temperature

 

t

 

o

 

temperature of winding, ambient

 

X

 

ser

 

series reactance

 

X

 

sh

 

shunt or parallel reactance (2pL

 

sh

 

)

 

Y

 

1

 

O

 

open-circuit admittance; primary side

 

Y

 

2

 

O

 

open-circuit admittance; secondary side

 

Y

 

l

 

S

 

short-circuit admittance; primary side

 

Y

 

2

 

S

 

short-circuit admittance; secondary side

 

Z

 

L

 

load impedance

 

Z

 

G

 

source impedance

ZO standard source impedance

Z1O open circuit impedance, primary side

Z2O open-circuit impedance; secondary side

Z1S short-circuit impedance; primary side

Z2S short-circuit impedance; secondary side

Symbol Term denoted
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5. Performance tests

The electrical tests listed here shall be performed according to IEEE Std 389-19961, unless otherwise stated.

5.1 Electrical tests (not recorded)

The following electrical tests should be made on all transformers, where practicable. The transformer termi-
nals nominally grounded in service should be grounded during these tests, or connected as otherwise
required or noted in the test description. The results of these need not be recorded.

5.1.1 Ratio of transformation (turns ratio)

5.1.2 Polarity

5.1.3 Electric strength tests

1) Transformer windings operating above 25 peak working volts (PWV) should have a test voltage
equal to 1000 V plus 1.5 times the PWV applied between each winding and each other winding,
and the core and the case (if the case is meant to be isolated from the core).

2) For the transformer windings with PWV 25 V and below, the test applied should be 500 V rms
at 60 Hz or an equivalent test.

3) Test voltages should be increased gradually (at the rate of 2 kV per second maximum) from
zero to the specified value, maintained for a period of 1 min, unless otherwise specified, and
decreased to zero at the same rate.

4) The connection for windings not under test should be specified so that unwarranted stresses
will not occur during the electrical strength tests. Windings with relatively low working
voltages to ground should be grounded during the test of other windings to prevent the lower
voltage insulation from being damaged through capacitive coupling.

The transformer or inductor windings, internally or externally grounded, or operated at direct voltages to
ground and having one terminal grounded through a capacitor network, should be tested by induced voltage
methods or a combination of the direct voltage strength test on the terminals to which direct voltage is
directly applied together with the induced voltage, as applicable, instead of the standard electric strength
test.

5.1.4 Induced voltage

An induced-voltage test is made at twice the maximum rated voltage, using a frequency of twice (or higher)
the minimum rated frequency as agreed. In addition to this test, twice the rated direct voltage should be
applied simultaneously for 1 min, or 7200 cycles, to the terminals normally connected to the direct voltage.
This test should be performed as follows: the direct voltage (twice normal) should be first applied; then, by
means of exciting a suitable winding, the alternating voltage should be increased from zero to twice normal
over a 5 s interval2, held for 60 s, and then decreased to zero over a 5 s interval. The input current should be
monitored during the whole period. The normal voltage excitation current or loss should not have changed as
a result of the test. During the test, all windings should be connected in the normal voltage relationship to
each other and to ground.

For transformers not normally associated with direct-current stresses, an induced voltage of twice the operat-
ing alternating voltage at a frequency at least equal to three times the frequency of the low frequency 1 dB
point should be applied to any convenient winding for a period of at least 10 s.

1Information on references can be found in Clause 2.
2Minimum time, longer as required by 5.1.3, item (3).
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5.1.5 Repeated electric strength testing

Since the application of test voltages may impair the strength of the transformer insulation, any test made per
5.1.3 and 5.1.4 should, if repeated, be made at not more than 80% of the specified test voltage and for the
same interval, or for less time, if specified.

5.1.6 Corona tests

When specified the transformer shall be free from corona3 at the test level and at altitude conditions speci-
fied. (Normally corona tests are specified at test levels above 1000 V rms.)

1) Windings having an induced peak voltage equal to or less than 25% of the PWV for either end
terminal (relatively low-voltage windings operating at a high potential above ground) shall be
tested for corona with 130% of maximum operating voltage applied between windings and
core. Terminals of windings tested should be shorted together. (Both operating and test voltages
are assumed to be expressed in the same terms, either rms or peak.)

2) Windings having graded insulation should be tested under induced voltage conditions only and
at 130% of maximum operating voltages. Winding potentials should be related to each other
and to ground as in normal usage.

3) Windings having an induced peak voltage of more than 25% of the PWV for either end termi-
nal, and not employing graded insulation should be tested for corona using either induced
voltages or voltages to ground, as mutually agreed by maker and user.

4) For windings operating at other than zero direct voltage to ground, the corona test should be
made with direct voltage plus alternating voltage. The applied voltages for this corona test
should be 130% of the maximum operating instantaneous voltage.

5) In all cases above, the measure of the operating and test voltages should be the same; that is,
either rms or peak.

5.1.7 Impulse tests

These tests may be specified for plate coupling transformers operating in excess of 800 V direct voltage and
for transformers in other applications, where transient voltages may occur that are in excess of twice the
PWV and where the PWV is greater than 1500 V. When so specified, these transformers should be capable
of passing the impulse test hereunder.

Plate coupling transformer windings should be subjected to full wave and chopped wave impulse tests using
a crest voltage equal to 10 times the maximum rated direct voltage. These tests should be made in accor-
dance with 1.2.5 of IEEE Std C57.98-1993.

5.1.8 Shield test

When electrostatic shields are included in the specification, a test should be made to determine their effec-
tiveness. This may be made as a direct capacitance measurement or other means if desired or specified, or
both. When direct capacitance is measured, each winding should be short-circuited. See 16.1.3 of IEEE Std
389-1996.

5.1.9 Exciting-current and no-load loss

These characteristics should be measured when specified. The power source used for this test shall present a
low enough impedance at harmonic frequencies so that the voltage applied to the transformer terminals is
sinusoidal at fundamental frequency to within the required limits of accuracy.

3See Annex B for recommended measuring means.
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5.1.10 Temperature-rise tests

These tests, when specified, should be made on a representative model of each new design before the trans-
former (component) is released to the customer, taking into account the specified or implied duty cycle. This
test should be made in accordance with 9.1 of this standard.

5.2 Electrical tests (recorded)

The following standard electrical tests should be made when specified by the user. The transformer terminals
normally grounded in service should be grounded, where practicable, during these tests. Response data may
be recorded in the form of curves or charts and provided with the transformers.

5.2.1 Short-circuit impedance measurements

Short-circuit impedance measurements may be specified if variations in this parameter are important or if
information is required for calculations. (See Figure 1, Figure 2, and Figure 3, and 9.3 and 9.4 of this
standard.)

5.2.2 Amplitude-frequency response measurements (see Figure 4—Figure 7)

Amplitude-frequency response measurements may be plotted in any of the following ways: frequency
response, transformer loss, and voltage amplification or attenuation. In this standard, amplitude-frequency
response will be used (see Figure 4 and Figure 8). Specific measurements should normally be specified when
the transformer is operating between matched resistive terminations; however, if variation in response is
important or if the terminations actually encountered in operation are complex or nonlinear impedances,
then the user may specify that the measurement be made with actual or simulated terminations. All terminals
should be related to ground and to each other as in the actual intended circuit.

When the transformer is measured between matched resistive terminations, the requirements may be
presented as a minimum typical curve to which the transformer will conform (see Figure 4 and Figure 8).
When variations in the transformer response are important, as when used in a feedback loop, the amplitude-
frequency response may be specified with an indicated tolerance (see Figure 7 and Figure 9).

Care should be taken in selecting applied voltage, since low-frequency response can be in error if there is
insufficient magnetizing inductance (insufficient flux density). When the amplitude or phase response, or
both, of a transformer varies substantially with the amplitude of the applied voltage, due to changes in mag-
netizing inductance and core loss with changes in flux density, the range of input voltages to the transformer
should be specified. This may be represented by curves of the output voltage versus the input voltage, or by
multiple curves of the amplitude response versus frequency for multiple values of applied signal level (see
Figure 7).

It should be noted that the actual amplitude-frequency response of a transformer, which is included in a feed-
back loop or where the source or load, or both, impedances are not constant over the specified frequency
range, may not correspond to that measured with fixed terminations.

5.2.3 Phase response measurements (see Figure 4 and Figure 5)

When terminated, as in 5.2.2, the requirements for phase response may be presented as a maximum typical
curve of phase shift versus frequency to which the transformer should conform or to which measurements
should be made at the same frequencies, as specified in 5.2.2, and with tolerances shown (see Figure 7,
Figure 8, and Figure 9).
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5.2.4 Time delay considerations

When terminated as in 5.2.2, the requirements for time delay may be presented as the maximum typical
curve of delay in seconds versus frequency to which the transformer should conform (see Figure 10). The
maximum tolerance shall be consistent with the maximum phase response tolerances of 5.2.3 (see Figure 7,
Figure 8, and Figure 9). The time delay may be computed as

(1)

(Also see the definition for the term envelope delay, The Authoritative Dictionary of IEEE Standards Terms
[B5]).

5.2.5 Harmonic distortion

Harmonic distortion measurements must be specified when the intended use of the transformer requires the
absence or limitation of distortion of the output due to the nonlinear characteristics of the ferromagnetic
core. Harmonic distortion is normally defined as the percent ratio of the harmonic power to the power of the
fundamental signal present at the output of the transformer, with the input consisting of the fundamental
frequency only. The transformer should be terminated as described in 5.2.2.

The harmonic response is determined as

(2)

where

e1 = rms value of the fundamental
ei = rms value of the ith harmonic

For practical measurements, i is limited to be less than 10. It is often convenient to measure the value of the
output with the fundamental frequency eliminated (filtered), and using the rms value of the combined har-
monics to the rms value of the output as the ratio for distortion. This method will give less than 5% error in
the distortion value when the total distortion is less than 30%.

Time delay (change in phase)
(change in frequency)
----------------------------------------------------=

Time delay (degrees 0.01745 )⋅
(2 π frequency)⋅ ⋅

-----------------------------------------------=

%distortion 100

e
i
2

2

I ∞=

∑

e1
-------------------------⋅=
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Figure 1—Example of an effective series inductance and 
resistance with various windings short-circuited

Figure 2—Example of an effective series inductance and resistance of 
winding (1-2) with winding (3-4) short-circuited
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Figure 3—Example of an effective series inductance and resistance of 
winding (3-4) with winding (1-2) short-circuited

Figure 4—Example of the response of a transformer with matched resistive terminations 
and typical curves of maximum phase and minimum frequency response
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Figure 5—Example of phase and frequency response
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Figure 6—Response definitions
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Figure 7—Fictitious typical curves of phase and frequency response limits

Figure 8—Fictitious typical curves of maximum phase and minimum frequency response
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Figure 9—Example of the tolerance band of the response of a 
transformer with matched resistive termination

Figure 10—Fictitious typical curve of time delay
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5.2.6 Terminated impedance measurements (when terminated as in 5.2.2.) (See 9.5 of this 
standard and Figure 11—Figure 13.)

Terminated impedance of the primary should be measured at minimum specified frequency, at mid-band
frequency (see Clause 4), at maximum specified frequency, and also at one octave higher, or as specified,
provided, however, if resonance occurs, that all maximum values should be measured in the interval. The
actual load should be used if available; a simulated load may be used but this should be representative of the
reactive and resistive element of the actual terminations plus any parasitic elements in the associated power
supplies (in the case of modulation transformers). Unless otherwise specified, the mid-frequency and high
frequency tests may be made at low voltages. The loaded impedance at low frequencies may also be plotted
by this means, providing the shunt inductance of the system is relatively constant for various flux densities.
Tests, according to 5.1.9, should be used to ascertain the low-frequency full-power performance compared to
the low power-level test. Various low-frequency power sources which may be used with the transformer
should be used in loaded or unloaded tests at full voltage to determine the shunting effect of the transformer
and associated inductors on the load. 

With Class B and AB amplifier output transformers having dual primaries (or a center tapped primary), the
terminated impedance test should be made on each of the primaries separately. If the performance of one
primary differs from the other, then both should be measured and reported. Unless otherwise specified, a
direct current equal to 5% of normal direct current in the primaries should be used in making open-circuit
inductance or impedance measurements. The full value of direct current (if any) in the secondary should be
used.

Figure 11—Example of the impedance of windings (1-3) with windings (4-7) terminated
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Figure 12—Example of return-loss resistance and reflection 
coefficient curves for a fictitious transformer

Figure 13—Example of loaded impedance and reflection 
coefficient curves for a fictitious transformer
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5.2.7 Balance

If balance measurements are specified, they should be made in accordance with 9.2. Unless other frequen-
cies are specified, the measurements should be made at frequencies near

a) The low-frequency 1 dB point
b) The mid-band frequency
c) The high-frequency 1 dB point

5.2.8 Modulation measurements

These measurements may be specified if the information is important in the end use of the transformer.

NOTE: Transformers used in circuits operating at very low voltage levels may require inter-modulation products to be 40
dB to 80 dB below the level of the lowest frequency transmitted. Examples of such transformers are those used in bridge
detectors and voice and carrier circuits.

5.2.9 Open-circuit impedance measurements

These measurements may be specified if the information is required for calculations (see 9.3). The open-
circuit impedance, normally as a matter of convenience, is specified in terms of the effective shunt induc-
tance L and shunt resistance R. If done in any other way, the form must be stated (see 9.4). Open circuit
impedance is normally measured on the low-impedance winding near the lower 1 dB response frequency, fl,
and at the rated voltage with rated direct-current superimposed on the windings. If it is impractical to make
the measurements at this voltage, or if the transformer is required to work over a wide range of voltage
levels, such as random-noise transformers, other test voltages may be used; however, when voltages other
than the rated voltage are used the test voltage should be reported with the measurements. Measurements
should be made, when applicable, with added direct current in the primary or secondary windings as noted in
5.2.4.

6. Marking

The markings that may be specified shall be done in a manner which is legible and permanent on an area
which is plainly visible when the transformer is mounted by normal means. The following markings are
illustrative of the sort that may be specified.

6.1 Nameplate markings

a) Manufacturer's name or identification
b) Manufacturer's number
c) Source and load impedances
d) Direct current in winding
e) Maximum power output 
f) Frequency response limits
g) RMS working voltage
h) Turns ration if other than RS/RL (see 5.1.3)

6.2 Terminal markings

a) Windings should be numbered (1-2), (3-4), in preference to (1 - 3), (2- 4), etc.
b) Windings numbered (1-2) and (3-4) should be series aiding when 2 is connected to 3.
c) If a separate shield terminal is provided, it should be suitably marked (for example, “s”).
d) If deviations from the above terminal markings are used, the winding polarities and impedance

levels shall be clearly stated.
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7. Service conditions

Conditions for which the transformers covered by this standard are suitable depend the application. The
following are illustrative of the sort of conditions that may be specified.

a) Audible noise
b) Humidity
c) Temperature
d) Altitude
e) Vibration
f) Shock
g) Dimensions
h) Flammability

Tests for these conditions, when specified, should be agreed upon between user and manufacturer.

8. Computations

Information is provided in 9.3 which may assist the system engineer if it is necessary to make computations
of transformer response, phase shift, or loaded impedance.

9. Test methods

9.1 Temperature rise tests

a) The transformer shall be tested in a circuit simulating normal operating conditions.
b) The device for measuring the ambient temperature changes by means of an oil bath or other suitable

material.
c) The device for measuring the temperature of the core or case shall be secured in contact with the

surface to be measured by means of metal-sash putty or other suitable materials.
d) The transformer shall be protected from air drafts and radiation from warmer objects.
e) The tests may be performed at room temperature.
f) The test shall continue until the temperature of the core or case shows constancy for three successive

readings at intervals of at least 30 min.
g) The average measured temperature of the winding may be determined by either of the following

equations:

(3)

or

(4)

where

t =temperature in ˚C corresponding to hot resistance R
t0 =temperature in ˚C corresponding to cold resistance Rθ
Rθ =cold resistance determined as outlined below

t
R
Rθ
------  t( 1 t0 ) t1–+=

t
R Rθ–

Rθ
--------------- t( 1 t0 ) t0+ +=
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R =hot resistance determined as outlined below
t1 =234.5 ˚C for copper

=225 ˚C for aluminum

In applying these equations, the cold resistance, Rθ, shall be measured after conditioning the trans-
former for at least 8 hours in a location free from drafts and until three successive temperature read-
ings of the ambient and core or case, taken at 30 min intervals, are constant; this constant
temperature shall be t0. The observed hot resistance, R, shall be measured as soon as practicable after
shutdown (allow sufficient time for induction effect of winding to disappear). Record the elapsed
time between the instant of shutdown and the hot measurement. (The elapsed time should be within
15 s for transformer weighing less than 10 lb.)

h) The temperature rise of the transformer shall be computed by subtracting the temperature of the
ambient air around the transformer at the end of the test from the temperature of the winding or of
the core (whichever is higher) at the end of the test.

9.2 Balance tests

The test circuits shown in Figure 14 shall be used where specified for determining the balance of the trans-
former windings. Matched resistors of the precision type shall be used for the resistor pairs R1, R2 and R3,
R4. The sums, R1, + R2 and R3 + R4, shall equal, within 1%, the terminating impedance specified for the
associated windings. The test may be made at any frequency, but frequencies near the low-frequency 1 dB
point, the mid-band frequency, and the high-frequency 1 dB point shall be used unless other frequencies are
specified. In general, at the low frequencies, the elements contributing to unbalance will usually be winding
resistance and turns; in the middle frequencies, winding turns; at the high frequencies, leakage inductances
and winding capacitances. The test is not limited to two-winding transformers and the test circuit may be
modified as required. For additional information on balance measurements refer to Munk, P. R., and Sartori,
E. F. A. [B16].

9.3 Computations

9.3.1 General

The purpose of this section is to provide basic information needed to compute transformer response and
phase shift from the equivalent circuit of a transformer. These computations will have to be made by the
audio or control system engineer when one is unable to specify the source and load impedances with suffi-
cient accuracy to make it worthwhile to measure the transformer with these loads at the manufacturers' plant.
Amplitude and phase response with resistive terminations are readily supplied by the transformer manufac-
turer. (This information may be only a rough guide to the system engineer.) If the load or the source, or both
are not constant over the specified frequency range, the engineer shall supply this information to the trans-
former manufacturer, to allow the determination of the overall response through calculations or tests. If the
system engineer is unable to do this initially, the problem may be solved in two steps: 1) The known trans-
former parameters, such as open-circuit inductance, short-circuit inductance, and distributed capacitance,
are furnished by the manufacturer to the system engineer, and 2) The system engineer studies the effect of
these parameters on the circuit to determine whether a satisfactory overall response is obtained. If it is not,
modifications of the transformer or circuit must be made accordingly.

Formulas are included in Figure 6, Figure 15, Figure 16, and Figure 17 which relate the elements of the
transformer equivalent circuit to the open- and short-circuited impedances which may be measured on a
transformer. Accurate equivalent circuits may be obtained at the frequencies of measurement. However, it is
often sufficiently accurate to obtain equivalent circuits at the low, middle, and high frequencies of a band and
assume that the element values will remain constant for these respective sections of the frequency band.
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In order to illustrate the character of the open- and short-circuited impedances of a transformer, data was
taken on actual transformers, plotted, and included in this section (see Figures 1, 2, 3, 4, 9, 11, 18, 19, and
20). Response and phase-shift data taken on these same transformers with resistive terminations are included
also for reference (see Figure 2, Figure 3, and Figure 4).

In Figure 15, primary open-circuit and short-circuit impedances are measured. Likewise, secondary imped-
ances are measured. The relationships between these measured impedances on a unity turns ratio basis are
given by the equations in Figure 15. That is, the measured impedances are divided or multiplied by the
square of the turns ratio to refer them to the same impedance level. Because no transformer is ideal, as ideal
is defined in The Authoritative Dictionary of IEEE Standards Terms; the symbol “a” is only approximately
equal to the turns ratio, N2/N1.

It is possible to relate the several impedances and admittances to an equivalent circuit of the T, π, or L form
by equations given in Figure 15. In the L network, the influence of coil geometry is directly manifest in the
product at which effectively modifies the turns ratio. Calculations have been made of the circuit elements for
T, π, and L network equivalents of the 1:2 ratio transformer chosen as an example, and the values are tabu-
lated in Figure 17. In the L network, element values are fairly constant with increasing frequency, physical
behavior is accurately portrayed, and analysis is simple. For these reasons, the L network is adopted as stan-
dard. If a transformer has a step-down turns ratio, its network should be viewed from the right in Figure 17.

In the case of hybrid transformers, the term perfectly balanced can best be illustrated by referring to Figure
25. For this symmetrical single-core hybrid transformer, perfect balance is attained when Z1=Z2, and there
is infinite trans-hybrid loss from port 0 to port 3. (In practice, the trans-hybrid loss may be as low as 20 db to
30 db without appreciably affecting transmission characteristics.) 

For transmission from port 0 to ports 1 and 2, Z3 can be ignored completely and the equivalent circuit
becomes that of a two winding transformer with the secondary termination consisting of Z1 and Z2 in series.

The two-core hybrid configuration may be analyzed as two winding transformers essentially in series, pro-
viding the conjugate port can be neglected.

For cases where either the non-conjugate impedances are not balanced across the frequency range of interest
or the trans-hybrid loss is required, 9.3 is inadequate and computer-aided circuit analysis of the equivalent
circuit is mandatory. 
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Figure 14—Balance definition and balance test methods
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Figure 15—Three-terminal equivalent networks determined 
from open- and short-circuit measurements
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9.3.2 Procedure

Certain supplementary information will be provided by the transformer engineer to the system engineer to
enable the latter to compute response and phase shift as a function of frequency for reactive source and load
impedances. Accordingly, the following steps to be taken are recommended for the engineers involved:

a) The transformer engineer shall establish nominal value equivalent circuits from measurements taken
on the transformer (see Figures 1, 2, 3, 4, 9, 11, 18, 19, 20, and 21 for some of the measurements on
sample transformers) for:

1) Equivalent circuits for low-frequency end of band
2) Equivalent circuits for mid-frequency portion of band
3) Equivalent circuits for high-frequency end of band (see Figure 6, Figure 15, and Figure 16).

b) The transformer engineer shall check the validity of these equivalent circuits by making computa-
tions (see Figure 15) using matched resistances for source and load impedances and comparing
results with the measured response according to 5.2.2 and 5.2.3.

c) The transformer engineer shall establish expected deviations of all elements of the equivalent cir-
cuits from the nominal values and supply this information with a), items 1), 2), and 3).

Figure 16—Often valid approximations for equivalent circuit of Figure 6
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d) The system engineer shall make mesh computations, using nominal values of elements for the mesh
and for source and load impedance, by the method outlined in Figure 6. This will provide both trans-
former response and phase shift information over the frequency band of interest. In general, enough
points should be computed to establish the 1 dB points and the slope beyond these points and any
significant resonances.

e) The system engineer shall make a deviation study, using expected deviations of element values
furnished, to establish suitability of the manufactured product for the system source and load
impedances.

Figure 17—Impedance characteristics of transformers used in examples
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Figure 18—Example of an effective parallel capacitance and conductance 
of winding (1-2) with winding (3-4) open

Figure 19—Example of effective parallel inductance and resistance 
of winding (1-2) with winding (3-4) open
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Figure 20—Example of an effective parallel inductance and resistance 
of winding (3-4) with winding (1-2) open

Figure 21—Example of an effective parallel capacitance and conductance 
of winding (3-4) with winding (1-2) open
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9.4 Measurement of open-circuit and short-circuit inductance and resistance

Unless careful attention is paid to the measurement of open-circuit inductance, serious inaccuracies may
result. It is the purpose of this subsection to point out possible ways in which open-circuit inductance and
effective resistance may be represented and measured.

In a wide-band transformer, the core is usually composed of ferrite, or high-permeability material wound as
a continuous strip or with a very small air gap. Under these conditions, the Q, or ratio of effective series reac-
tance to effective series resistance, is small. Both inductance (L) and Q are dependent on the voltage level
and frequency used and this is the reason for specifying the design value of voltage and lowest frequency in
5.2.6. Winding resistance ordinarily has a much smaller value than the core-loss equivalent series resistance
in this kind of transformer. Short-circuit inductance is very small compared to mutual inductance. Therefore,
it is more representative of actual performance to regard open-circuit inductance and core-loss resistance as
parallel elements, Lsh and Rsh. Open-circuit reactance increases proportionately as frequency increases
above the minimum, so that at mid-band frequency and higher frequencies open-circuit reactance becomes
so large it is virtually negligible. Core-loss resistance does not change nearly so fast with frequency. Both
inductance, Lsh, and equivalent parallel resistance, Rsh, are most significant at the lowest frequency; but at
mid-band, the open-circuit reactance may ordinarily be neglected, whereas the parallel equivalent resistance
may contribute appreciably to mid-band transformer loss. For the parallel representation:

Q = Rsh /(2πfLsh) 

At any frequency, it is possible to convert from series to parallel equivalent by using the two expressions for
Q; this conversion is unnecessary if the proper bridge configuration is used.

The two methods of representing open-circuit inductance and associated resistance, and also three common
ways of measuring this inductance and resistance, are shown in Figure 22, together with the balance equa-
tions for each. These circuits are tabulated for user convenience. It should be noted that if a method is used in
which inductance has a Q-dependent term, the Q measurement must be very accurate to provide an accept-
able basis of measurement, particularly at low values of Q.

Equation 5 through equation 8 may be useful if it is necessary to convert from the series representation to the
parallel representation, or vice-versa.

(5)

(6)

(7)

(8)

In transformers designed to cover a wide frequency band, particularly in miniature units, the direct-current
resistance of the windings can result in incorrect measured values of short-circuit inductance. To reduce this
error, it is good practice to measure open-circuit inductance near the low-frequency, and short-circuit induc-
tance near the high-frequency ends of the operating range.

Rsh Rser 1 Q2 )+(=

Rser

Rsh

1 Q2+
----------------=

Lsh Lser 1
1

Q2
------

+
=

Lser

Lsh

1 1 Q2 )⁄(+
----------------------------=
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Figure 22—Impedance bridge
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9.5 Terminated impedance measurement

Terminated impedance measurements may be required when it is necessary to limit reflections on a trans-
mission line to a minimum value. The degree of mismatch is given in terms of the reflection coefficient
between the impedance of the line and the impedance looking into the transformer when it is terminated in
its nominal termination. The reflection coefficient may be determined from series impedance measurements
(see Figure 12), from parallel measurements (see Figure 13), or by means of return loss measurements
described in 9.5.1.

Figure 22—Impedance bridges (continued)
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9.5.1 Return loss method

A rapid and convenient method of making return loss or reflection coefficient measurements requires an
appropriate return-loss bridge. The bridge may take the form of the examples in Figure 23. To obtain highest
accuracy, an impedance match should exist at each port except for the unknown port. The output voltage at
the detector is directly related to the mismatch and, therefore, the reflection coefficient at this port.

The two-core hybrid bridge of Figure 23(b) is the most complex but permits matching of arbitrary imped-
ances at input, detector, standard, and unknown ports. The single-core hybrid, Figure 23(c), permits match-
ing of arbitrary impedances at input, standard, and unknown ports. Unless an additional transformer is used
at the detector port, the detector impedance should be half the standard impedance. In the resistance bridge,
Figure 23(d), and the reflectometer, Figure 23(e), the balance is derived from the resistors of the resistance
bridge rather than the balance of the transformer. The transformers in the latter two cases are unbalanced to
balanced devices to permit grounding both signal source and detector. In the case of the resistance bridge,
the transformer permits arbitrary match at the input. The reflectometer requires equal impedances at all
ports.

The method of test is similar for all of the devices of Figure 23. Referring to Figure 24, the test procedure
requires four transmission voltage ratios to be measured at each test frequency. 

Let

(9)

(10)

For a resistive bridge or resistance reflectometer, the average, T0 = (T1 + T2)/2 will be approximately 12 dB
if the value Rs is the design value and will be greater as Rs deviates from the ideal value. For a hybrid trans-
former bridge, T will be about 6 dB ideally, and will also increase as R is changed from the design value. T in
position 3 is a check measurement to test the balance of the bridge. The difference (T3 - T0) is a measure of
the precision of the bridge. This difference should be 20 dB greater than the requirement of return loss
imposed on the transformer. T4 is obtained when the transformer under test is connected to the unknown
terminal of the bridge. The return loss is given by Equation (11).

(11)

for the case where Rl, R2, and RS are the values for which the bridge was designed.

It is possible to obtain satisfactory accuracy in certain cases merely by measuring the output voltage E0
which will be designated e1, e2, e3, and e4 for the four conditions. The voltage e0 corresponds to T0 in the
case above and is determined by the formula

 (12)

Condition e3 provides a test of the bridge and should always be no greater than e4/2.

The return loss in dB is given by equation 13.

(13)

T 1 20log10

E0

E1
------ dB for position 1=

T 2 20log10

E0

E1
------ dB for position 2, etc=

Return Loss T 4 T 0–( ) dB=

e0 e1 e2⋅=

Return Loss 20log10

E0 

E1
--------=
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Note that errors will always be in the direction to show optimistic values of return loss. The error will be in
the order of [(T2 - T1)/2] due to mismatch and will vary from approximately 1 dB, if the balance of the
bridge is 20 dB better than that measured from the transformer, to 6 dB if the bridge balance is equal to the
balance of the transformer.

Figure 23—Return loss bridge
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Figure 24—Return loss measurement

Figure 25—Hybrid transformer
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Annex A

(informative) 

Definitions and discussion

A.1 Primary winding

The primary winding is the winding(s) to which the input is applied. Where a center tapped or balanced pri-
mary is used, as in class A operation where both halves of the winding are substantially in simultaneous use,
the whole winding shall be considered the primary.

Where Class B or Class AB mode of operation is used or where dual primaries operate on alternate half
cycles, the primary winding should be considered as either winding separately, whether they be split or
connected windings.

A.2 Peak working voltage (PWV)

NOTE—Because of the many types of voltages that occur in any electronic system, it is considered desirable to be spe-
cific in all references to voltage in order to convey the intended communications reliability. Working voltages actually
apply to specific major insulations of the transformer, but for practical reasons must be identified by relating them to the
various winding terminals.

a) The peak working voltage (PWV) is the algebraic sum of the maximum normally recurring alternat-
ing crest voltages and direct voltage appearing between adjacent portions of two windings or
grounded elements, or terminals thereof. The working voltage must be computed with the knowl-
edge of the additive or subtractive relationship of the opposed alternating voltages across the specific
major insulations.

b) Where the induced peak voltage of a winding is no greater than 25% of the PWV for either end
terminal, both terminals should carry the PWV rating of the greater.

c) Where the induced peak voltage of a winding exceeds 25% of the PWV of either end terminal, the
designer may elect to use a graded insulation system where a different kind or amount of major insu-
lation is used at either end of the winding, in which case the insulation testing shall be in conformity
with said conditions.

A.3 Insulation

A.3.1 Major insulation

Insulation external to the windings, and from windings to ground.

A.3.2 Graded insulation

The selective arrangement of the insulating components of a composite insulation system to more nearly
equalize the voltage stresses through the insulation system.
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A.3.3 Internal insulation

Insulation within the winding, between turns, coils, and layers.

A.4 Peak voltage

Peak voltage is the highest crest of simple or complex voltage wave or series of waves compared to zero
voltage.

A.5 Transient voltage

Transient voltage is that part of the voltage response that eventually decays to zero in an exponential manner
when the transformer is excited with a steady-state driving force. (For example, the high peak voltage often
encountered when a power supply is switched on or when an electron tube cathode-to-plate flashover
occurs.)

A.6 Maximum operating voltage

Maximum operating voltage is the normal maximum voltage, either rms or peak as stated, appearing across
a winding. This is distinguished from surges, transients, etc.
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Annex B

(informative) 

Recommended practice for making electrical tests

Certain precautions and recommendations are covered in this annex as they may apply to the electrical tests
outlined in Clause 5 of this standard.

a) If corona tests are to be made, it is recommended that the units under test are at ambient temperature
and free of any condensate (dry). As outlined in 5.1.6, corona tests are made in various ways depend-
ing on the relative voltages of windings compared to their voltages to ground and also depending on
their type of insulation (see Annex A, and item b) and item c) of A.2). Corona tests should be made
in accordance with IEEE Std 436-1977.

b) Impulse tests are design tests and are not intended for 100% inspection tests; however, checkup tests
may be indicated during production or acceptance tests. It is recommended that transformers and
inductors requiring spark gaps or other arcing types of protection be subjected to impulse tests.
Refer to Clause 3 of IEEE Std C57.98-1993 for information on impulse tests.

c) No-load loss tests may be invalid unless the voltage sine-wave purity is maintained. Tests may be
performed at other voltages and frequencies, provided that an equivalent demonstration of core per-
formance is apparent.

d) A number of precautions and the importance of some measurements and characteristics should be
particularly emphasized for modulation although these may apply to other transformers as well.
These are:

1) Measurement of open-circuit impedances or loaded impedances should be made with appropri-
ate direct current or representative unbalanced direct current.

2) Particular care should be taken in the measurement of equivalent circuit elements. Inductance
measurements by bridges are straightforward but may be subject to error unless care is taken in
balancing the bridge properly. Other methods, such as resonance determination, can also be
erroneous unless care is taken.

3) A smooth response is important for proper operation of many transformers so the transmission
characteristic and loaded impedance characteristics should be examined for freedom from
peaks. Care should be taken to measure enough points in the frequency spectrum to ensure
determination of all possible peaks in the complete transmission spectrum.

4) Primary to primary balance in Class B or AB transformers is particularly important for good
performance.

5) The need for freedom from cyclic transients at high operating frequencies in Class B or AB
transformers should be considered and specified as required.
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Annex C

(informative) 

Service conditions

This annex illustrates the sort of service conditions that can be specified and are often relevant to the trans-
formers covered by this standard.

a) Visual and mechanical. All units furnished should meet the dimensional and finish requirements of
the applicable specifications and should be of such construction as to meet the environmental condi-
tions indicated in the specifications.

The units shall be capable of withstanding, without damage, the normal handling incidental to ship-
ping and installing in the equipment. Terminals and bushings should be of sufficient strength in
proportion to the size and weight of the unit.

b) Special environmental tests. Special environmental tests, including humidity, temperature extremes,
altitude, vibration, shock, flammability, tilt, drop, impulse, sand erosion, submersion, salt spray,
radiation, and sonic stress should be included in the specifications in a manner plainly evident to the
manufacturer and user. Tests for these conditions should be agreed upon between user and
manufacturer.

c) Acoustical noise level. Where the acoustical noise level is important, it shall be suitable for the envi-
ronment. The user shall specify the acoustical noise levels, the ambient acoustical noise, and the
weighting factors of the measuring instrument.

d) Ambient temperature. The ambient temperature range for air-cooled transformers is normally
between -20 ˚C and +50 ˚C, with the additional provision that air convection currents on five sides or
70% of the case surface should not be restricted. (Further, the radiation from a nearby hot surface is
not present unless specified.) (The reflection coefficient of an opposite nearby surface is not present
unless specified.)

e) Liquid-cooled units. Water-cooled units shall presume an unlimited supply of liquid below 30 lb/in.
The water shall be free from impurities that would be injurious to the materials used in the heat
exchanger of the transformer.

f) Forced-air cooling. Forced-air cooling should be covered in the specifications as to directions, tem-
perature, and cubic feet per minute.

g) Physical location. Electronic components are usually placed in a protective cabinet where the termi-
nals are not accessible to accidental contact. Any other requirement or condition should be specified.

h) Clean and dry environment. A clean and dry environment is considered normal.

i) Altitude. Normal maximum altitude, unless otherwise specified, is 10 000 ft.

j) Duty cycle for voice and music transmission systems. For normal applications, the long-term average
of the subject signals based on continuous duty is assumed to be equivalent to a simple sine-wave of
30% of the maximum rms signal for 100% modulation, or 21% of the peak voltage. The rms level
should be specified for random noise conditions.

k) Extraneous voltages. Voltages other than those which the transformer was designed to transmit
should not be allowed to enter the transformer windings. The allowable level of extraneous voltages
depends on many factors but a maximum of 5% of rated voltage is suggested as a limit. An example
of an extraneous voltage case is that of radio frequency voltages impressed on a modulation trans-
former due to inadequate filtering between the radio-frequency circuit and the audio-frequency mod-
ulation transformer.
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Annex D

(informative) 

Methods of computing time delay from phase shift 
measurements

Phase response measurements, in accordance with 5.2.3, provide the information to allow computations to
be made of time delay in accordance with 5.2.4. If the maximum time delay is required, then the maximum
tolerance of phase response, as shown in Figure 7, Figure 8, and Figure 9, is used. The slope of the tangent at
the frequency of interest on this phase response versus frequency curve will provide the information for
computing time delay to an accuracy that depends on how accurately the tangent was constructed. For exam-
ple, if the tangent at 30 Hz intercepts the phase ordinate at 1.84˚ at 0 frequency and intercepts the frequency
abscissa at 53 Hz at 0˚, the time delay would be computed as follows:

(D.1)

A more accurate method requires plotting the phase response maximum tolerance curve on log-log paper. A
straight line is then drawn which best fits all points in the region of interest. The equation of the line is:

(D.2)

Evaluate m and b and compute time delay as follows.

(D.3)

(D.4)

(D.5)

(D.6)

Let

f2 = 100 Hz
f1 = 10 Hz
Φ1 = 2.7˚
Φ2 = 0.29˚

then

log10 f2 - log10 f1 = 1.0
log10 Φ1 - log10 Φ2 = 0.969

Time delay 1.84° 0.01745 rad⁄⋅
53 2 π–⋅

------------------------------------------------=

96.4 10 6– S–( )=

log10Φ m log10 f ) log10b+(–=

m
log10Φ1 log10Φ2–

log10 f 2 log10 f 1–
---------------------------------------------=

b Φn f n
m⋅=

dΦ
d f
------- m– b f

1 m+( )–
⋅ ⋅=

Time delay
1

360
--------- dΦ

d f
-------   s⋅=
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(D.7)

(D.8)

Clearing the logs from equation D.8, we have

(D.9)

as a check

Substituting for b

Differentiating the above equation for Φ with respect to f we have:

Slope m difference of Φ
difference of f
-------------------------------------=

0.969
1.0

-------------=

0.969=

Equation of the line log10Φ=

m log10 f ) log10b+(–=

Φ b

f m
------=

b Φ f m⋅=

Φ f 1
m⋅=

2.7= ° 100.969⋅

25.14=

b Φ2 f 2
m⋅=

0.29° 1000.969⋅=

25.14=

Φ b
f m
------=

b f m⋅=

25.14 f 0.969–⋅=

dΦ
d f
------- m b f 1 m+( )–⋅ ⋅=

25.14 0.969 f 1.969–⋅–( )⋅=
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Other frequencies that were found to be on the line may be computed from this data

NOTE—This example shows how time delay may be computed from phase-gain information. Test instruments that mea-
sure time delay directly are available.

Time delay
1

360
--------- dΦ

d f
-------⋅=

1
360
--------- 24.36

f 1.969
-------------⋅   s=

at 30 Hz:.
1

360
--------- 24.36

301.969
---------------⋅

83.54 10 6–  s  (negative slope)⋅

at 10 Hz:. 
1

360
--------- 24.36

101.969
---------------⋅ 726 10 6–⋅  s=

at 20 Hz:.
1

360
--------- 24.36

201.969
---------------⋅ 185 10 6–  ⋅ s=
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Annex E

(informative) 
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