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FOREWORD

Between 1967 and 1975, the author conducted the calibration services for instrument current
transformers at the National Bureau of Standards (now National Institute of Standards and
Technology), and upgraded the facilities used in those services. In addition, he developed and
implemented a new measurement service for low-value ac resistors. Much of the material included
in this Technical Note derives from work during that period. Remarkably, the field has not
changed dramatically over the intervening years.

The period from about 1958 to 1970 saw renewed interest in transformer-like devices as solutions
to avariety of electrical measurement problems, and development programs were undertaken at a
number of national laboratories and universities. Many of these led to new types of devices having
vastly improved accuracy, making it possible to scale and measure impedances, ac voltage and
current, and power and energy, with unprecedented accuracy. During this period, an ongoing
collaboration between P. N. Miljanic of the Institut Nikola Teslain Belgrade, Yugoslaviaand N.

L. Kustersand W. J. M. Moore of the National Research Council (NRC) in Ottawa, Canada, led to
the development of the modern current comparator. This represented a new class of transformer-
like devices with remarkably increased accuracy over conventional current transformers. O.
Petersons, also with NRC during part of that time, extended and applied the work of that group,
particularly to the field of high voltage measurements. Many of these developments were
available to the author as he began the design of the new measurement services at NBS. Around
1968 Petersons left NRC to take a position at NBS and the author was fortunate to have him as a
mentor during the first few years of his career. Many of the ideas and approaches set forth in this
document, especialy regarding magnetic shielding and the use of equivalent circuits, can be traced
to hisinfluence. The work was performed under the supervision of B. L. Dunfee, who provided a
supportive, nurturing work environment for which the author has ever since been thankful. In
addition, colleagues D. Flach and R. Kahler were partners during part of this work, and contributed
their own diligence and insights. Of course, any errors or omissions in this document are solely
the author’ s responsibility.



TRANSFORMER-LIKE DEVICESFOR HIGH-ACCURACY AC CURRENT
MEASUREMENTS

T.M. Souders

National Institute of Standards and Technology, Gaithersburg, MD 20899

ABSTRACT

A theoretical and practical framework is presented to aid in the design, fabrication, and testing of
transformer-like devices for use in high-accuracy ac current metering applications. Current
transformers, two-stage current transformers, and current comparators are discussed, as well as
related devices that use passive and active error correction techniques. Transformer theory is
developed in terms of simple electromagnetic theory and practical equivalent circuits. Magnetic
design equations are presented and the measurement of relevant magnetic propertiesis discussed.
Sources of error and their mitigation are covered in detail, including errors caused by
magnetizing currents, winding and core inhomogenieties (so-called magnetic errors), and
circulating capacitive currents. Calibration methods and current transformer testing are also
covered.

KEY WORDS: ac current measurement; current comparators; current transformers; current
transformer testing; error sources; equivalent circuits; magnetic shielding; transformer design



1. INTRODUCTION

Instrument current transformers are used to scale ac currents to levels that are most appropriate
for measurement. Today, most modern el ectronic instrumentation is voltage-based: Current is
measured by first passing it through an impedance of known vaue, and the resulting voltage
drop becomes the quantity that is actually measured (see fig. 1). Most often theimpedanceisa
low inductance four-terminal resistor, athough mutua inductors and even capacitors are
occasionally used for ac measurements. To achieve the highest accuracy, the impedance valueis
generally selected to give an rmsvoltage level intherangeof 0.1V to 1 V. However at current
levels greater than about 1 A, it becomes increasingly difficult to use resistors because of
problems of power dissipation and residual inductance. For example, if the voltage drop is
maintained at 1V, then one watt of power dissipation is required for every ampere of measured
current. Furthermore, the residual inductance associated with any resistor design causes phase
errors (between input current and output voltage) that become unacceptably large at high
currents (i.e., low resistance values) and high frequencies. Fortunately, pre-scaling the current to
be measured can minimize these problems.

o/

z
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v=IzZ DVM
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Figure 1.1. Current Measurement Using Voltage-Based | nstrumentation

Current transformers are typically used for this purpose since they are capable of reasonably high
ratio accuracies with relatively low power dissipation over awide range of current ratios. The
current flowing in aload (or burden, ZB) connected to the secondary winding of a current
transformer is nominally equal to the current in the primary or driven winding, times the inverse
turnsratio. Consequently, under the conditions given above, a current transformer having an
inverse turnsratio of N will reduce the power dissipation in the resistor by afactor of 1/N for a
fixed voltage. Even higher accuracies are achievable using feedback amplifier techniques or
transformers with two or more stages. For the specia case in which the current in question is
being compared with a standard, known current of the same frequency, then current comparators
can be used.

This technical note presents atheoretical and practical framework to aid in the design,
fabrication and testing of current transformers and current comparators for use in high accuracy
metering applications.

1.1  Theldeal Transformer
Real transformers are designed to approximate the properties of an ideal transformer as

represented in fig. 1.2. Theideal transformer is a device having two magnetically coupled but
gavanically isolated windings designated primary and secondary, with Np and Ns turns



respectively. The windings themselves of the ideal transformer have zero impedance, and are
perfectly coupled, so that the ratios of the voltages (or currents) appearing at the terminals are
exactly equal to the turnsratio (or inverse turnsratio) as indicated in the figure. When
impedance, Zg, is connected to the secondary winding, it follows then that the impedance as
measured from the primary terminals is multiplied by the square of the turnsratio.

NPWJ 'p IpNp = 1Ny
N .
S ls
V,Ng=VN,
o<—VS—P~
?‘_ZP_> 5
Np N
LD el

Zg
Figurel.2. Theldeal Transformer

1.2 Transformer Error and its Representation

Theerror, g, of a current transformer is a complex quantity that expresses the degree to which the
true primary-to-secondary current ratio differs from the inverse turnsratio:

|p_k B :k o
E_Np(l £) Np(l a—ijp), (1.1)

where a. and B are the in-phase and quadrature error components, respectively. The notation I’ sis
used to indicate that the actual secondary current differs from the idea secondary current, g, that
isshowninfig. 1.2.

In real transformers, the driving voltage that supports the secondary current is induced by the ac
flux in the magnetic core linking the windings. However, to sustain the ac flux a magnetizing
current must link the core; i.e., the net difference between the primary and secondary ampere-
turns must not be zero. By definition though, the net ampere-turns of an ideal transformer is zero
(IpNp - 1sNs= 0) as stated above; consequently it is this residual magnetizing current that is
responsible for the major error associated with current transformers. By using toroidal cores with
high magnetic permeability, the magnetizing current can usually be kept small, but it cannot be
reduced to zero. The equivalent circuit shown in fig. 1.3 can be used to accurately represent this
error source, along with other characteristics of real transformers such as finite winding
impedances. Here Zp and Zs represent the so-called |eakage impedances that characterize the
primary and secondary windings, and Z, is the magnetizing impedance, a characteristic of the



core and winding that ultimately determines the size of the magnetizing current, |,. Note that
the magnetizing current is shunted away and current I’ s is the actual current delivered to the
secondary burden. In practical designs, Z, islarge compared to Zs and Zg, so that | ,is small
compared to |s, and the resulting transformer error is small. These concepts will be devel oped
more fully in subsequent chapters, and the quantities Z,, and I, will be related to the underlying
physicsinvolved.

AWV
Zp

Figure 1.3. Equivalent Circuit of Two-Winding Transformer

For now, we can solve the circuit equations from fig. 1.3 to obtain the transformer error as
defined in (1.1) above, in terms of the circuit parameters. Thuswe have

oty ot e 1Lt % (for Z, >>Z +2,), (1.2)
S S S Z m S B

m

(1.3)

1.3 Other Error Sources

While the magnetizing current is the predominant source of error in asimple current transformer,
it is not the only source. So-called magnetic errors arise when the windings link the core
unequally (see chapter 7), and capacitive errors arise when capacitance between or across
windings shunts part of the current away from the core (see chapter 8). For current comparators
and multistage current transformers, these become the dominant sources of error. Subsequent
chapters will explore these error sources in depth, and will present approaches for their
mitigation. Note however that the type of equivalent circuit shown in fig. 1.3 cannot easily
represent either of these error sources, and it will only be used to represent errors caused by
magnetizing currents.



1.4 Notation

Fig. 1.4 shows the notation that will be used throughout this document to indicate the relative
placement of windings and cores, and the polarity of windings designated by dots placed at one
end of each winding. There are two governing rules:
1. Only windings shown above a given core link that core.
2. Polarity: For al currents entering corresponding terminals of windings linking a
common core, the direction of flux induced in the core is the same. This causes al
characteristic impedances to be positive.

Primary
Secondary Core 1

Tertiary
Core 2

Figure 1.4. Notation of Coresand Windings

Therefore, in fig. 1.4, the primary, secondary and tertiary windings all link core 2, but only the
primary and secondary windings link core 1.

2. PHYSICAL INTERPRETATION OF TRANSFORMER ERROR

Two laws of electromagnetic theory govern the fundamental principles of current transformers
and current comparators: Faraday’s Law of Induction and Ampere’'s Circuital Law. Together
with the common formula for the inductance of awinding on atoroidal core of square cross
section, Faraday’s law can be used to calculate the error of a current transformer caused by
magnetizing current. Fig. 2.1 represents a current transformer consisting of a magnetic core
wound with aprimary winding of Np turns and a secondary winding of Nsturns connected to a
burden. The supplied primary current enters the marked primary terminal, and in accordance
with Le Chatelier’ s principle of least action, the resulting secondary current leaves the marked
secondary terminal, thus minimizing the net flux in the core and the net ampere-turns linking the
core. If wethink of the net ampere-turns as a net current, i, flowing in the secondary winding,
then we have

i =(oNp—isNg)/ Ny, 2.1)

In acurrent transformer, imis called the magnetizing current.



Figure2.1. Current Transformer with Square-Cross-Section Toroidal Core (1/2 shown)

From Faraday’ s law, the voltage induced in the secondary winding is given by

d di_
vs=§Es~dI=—Nsd—f=—LsE, (2.2)

where vs is the induced voltage (V),
Es isthe eectric field intensity along path of the winding (V/m),

d isan element of length of the path of the winding (m),
o is the magnetic flux in the core (Wb), and
Ls is the inductance of winding (H).

The standard units of measurement are shown in parentheses, and the lower case notation used in
(2.1) and (2.2) denotes time-domain variables. Transforming to the frequency domain, (2.2)
becomes

Vi=—jolgl,. (2.3)

In a current transformer, the induced secondary winding voltage, Vs, supports the voltage drop
across the burden impedance and the secondary winding leakage impedance, Zs (The leakage
impedance of awinding consists of the winding resistance, and the component of inductive
reactance whose flux does not link other windings). Therefore,

Vg =—1¢(Zg +Zs) . (2.4)

Combining (2.3) and (2.4) givesthe following expression for the magnetizing current:



_14(Ze +2Z4)

I 2.5
m ol (2.5)
From (2.5), the transformer ratio is then given by
Lo _Ts(NG/Np) _ (s +1)(N/Np) _ Nof, Z+Z, 26)
s s s Np joLs )’ .
and comparing (2.6) with (1.1) we see that
g=-Zst%e 27)
jolg

If we call impedance j wLs the magnetizing impedance, Z,, then we arrive at the same error
expression that is given by the equivalent circuit, i.e., (1.3). Furthermore, we see that the
magnetizing impedance can be calculated from the simple formula for the inductance of a
winding on atoroidal core asshowninfig. 2.1:

K u,NZA
L.r—m0 57 (R>>w), 2.8
s 0SS (R>>w) (28)
where Ls is the inductance of the winding (H),
K isthe relative permeability of the core material (dimensionless),

Uo is the permeability of free space (410" Wh/A-m),
Ns is the number of turns of the secondary winding,

A is ithe effective cross sectional core area (m?),

R is the mean radius of the core (m), and

w is the width and height of the core (m).

In practice, the magnetizing impedance is not a pure inductance but includes aresistive
component that reflects the losses in the core material. At low frequencies, the losses are
typically small and (2.7) gives a good approximation for the error.

From apractical standpoint, the formula given in (2.8) can be used for most common core
configurations since it is reasonably accurate for any rectangular core cross section in which the
ratio of height to width is at least 0.5.

Before moving on to the next section, note that the transformer error given in (2.7) isonly
dependent on the parameters of the secondary circuit.

3. THE CURRENT COMPARATOR

In many applications, it is useful to be able to accurately compare a current with areference
current when the two currents are of different magnitudes. Such needs arise, for example, in



many types of bridge circuits as well as in apparatus for testing current transformers. The simple
current comparator shown in figs. 3.1aand 3.1b is often used in these applications. Historically,
the current comparator was described as early as 1917 by Baker [27], and was later rediscovered
and improved upon by Obradovic, Miljanic and Spiridonovic in 1957 [25] and by Kusters and
Moorein 1961 [23]. Subsequent collaborations between Miljanic, Kusters and Moore led to
many further developments and improvements (see [4] for athorough description of this work).

The currents being compared are carried by two ratio windings as shown, with opposing
polarities, and athird detection winding is used to indicate when ampere-turn balanceis
achieved, i.e, when the complex ratio of the two currentsis exactly equal to the inverse turns
ratio of the comparator. Under this condition, the flux in the coreis zero, and therefore no
voltage isinduced in the detection winding. 1n some applications, one of the currentsis adjusted
by known amounts to bring about the null condition, whilein other applications the number of
turnsin one or both windingsis adjusted for the same purpose. Since there is no flux in the core
at balance, there are no voltages induced in the windings and no magnetizing current is present;
consequently, no power is transferred from primary to secondary circuit, asis the case with
current transformers. Instead, the power dissipated in the secondary circuit of asimple current
comparator istotally supplied by the source of the secondary current.

Figure3.1a. Simple Current Comparator

These principles are embodied in the equivalent circuit shown infig. 3.2. Thiscircuitissimilar
to the current transformer equivalent circuit of fig. 1.3 with the addition of another ideal
transformer to represent the placement and action of the detection winding. Since the detection
winding is used to detect the presence of a magnetizing current, the upper winding of the second
ideal transformer is connected across the magnetizing impedance, and the turnsratio of this
transformer represents the ratio of the secondary winding to the detection winding. When the
voltage at the detector is zero, the voltage across the magnetizing impedance, and consequently
the magnetizing current, must also be zero. Under these conditions, the actual secondary current,
I’s, equals the ideal secondary current, Is. Asnoted earlier however, magnetic and capacitive
errors also contribute to the overall accuracy of a current comparator, and these error sources are
considered in detail in subsequent chapters.
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Figure 3.1b. Schematic Representation of Simple Current Comparator
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Figure 3.2. Equivalent Circuit of a Simple Current Comparator

Physically, the current comparator is often thought of as an embodiment of Ampere's Circuital
Law: Thelineintegral of the magnetic field intensity, H, around a closed path is equal to the sum
of the currents that are enclosed by that path. Although the rationale is a bit tenuous, it proceeds
asfollows. If the path taken is that of the magnetic core, and the currents are the primary- and
secondary-winding currents flowing in opposition through Np and Ns turns, respectively, this
gives

fH-dr =31 =Ny 1, = Nglg, (3.1)
S
where d¢ isan element of length of the path (m) and
S indicates summation over any surface enclosed by the line integral.

In a current comparator, the lineintegral is estimated via a detection winding that densely and
uniformly coversthe core (unlike that illustrated in fig. 3.1a, where, for clarity, the detection
winding is shown covering only a portion of the core).



If it isassumed that the flux density, B = knuoH, is constant over the core’s cross section, then
(3.1) can be written in terms of magnetic flux as

— §¢ dl = Z| (3.2)

where kn is the relative permeability,
o is the permeability of free space,
A is the cross sectional area of core, and
) Is the magnetic flux.

For regular toroidal cores and uniformly distributed windings, we can make the further
simplifying assumption that the flux is constant over the path of the core, giving

27 R¢
K o A Zs: & (33

where Ristheradius of the toroidal core.
Meanwhile, the detection winding voltage can be expressed in terms of the magnetic flux in the

core from Faraday’s law as
d¢
=¢E,-dl=-N, —. 3.4
§ D D dt ( )

(Note that the line integral in (3.4) follows the path of the detection winding around and around
the core cross-section Np times. Although this path eventually traverses the core, it is not the
same asthelineintegral of (3.1) which for simplicity is assumed to follow the core path itself. If
the same path were used in both, a less restrictive argument could be made, however with the
expense of greater complexity.)

For sinusoidal signals (3.4) becomes
Vp =—joN, D, (3.5)

and combining (3.5) with the frequency-domain counterpart of (3.3), we get
V, =—j-mHoo m“OAa’ND Info”0 3 (3.6)
S

Therefore, the detection winding voltage is directly proportional to the net ampere-turns that link
the core, i.e., that pass through the core window. The condition of ampere-turn balance that
occurs in simple current comparators when the primary and secondary ampere-turns are equal
and opposite, isindicated by anull voltage at the detection winding.

10



From the equivalent circuit of fig. 3.2, we can see that the open-circuit voltage at the detector is
given by
N . N N 1Z,N : Z. N
Vp = ImZmN_Z:(ls_Is)ZmN_Zz(le_:_lsj NSD =(15Np —15Ng) NéD .

(3.7)

Substituting into (3.7) the formulafor magnetizing impedance derived previously (see (2.8))
gives the same expression for detection winding voltage as shown in (3.6). Therefore the
equivalent circuit is consistent with the physical interpretation given above. The quantity

(z,,N, )/ NZin(3.7) iscalled the sensitivity of the detection winding. Under the various

assumptions made above, the sensitivity to ampere-turnsin the primary winding is the same as
the sensitivity to ampere-turns in the secondary winding, as (3.7) and (3.6) suggest; and in fact
the accuracy of the current comparator depends on this equality. However, so-called magnetic
errors can arise when the assumptions are not strictly valid, and the result is that the sensitivity is
somewhat different for the primary and secondary windings. The subject of magnetic error and
itsmitigation is treated in chapter 7.

3.1 The Compensated Current Comparator

One drawback of the simple current comparator is that the |eakage i mpedances of both ratio
windings can be significant loads for the respective current sources. If the current comparator is
being used to calibrate a current transformer for example, the source of secondary current is
actually the secondary winding of the transformer under test, and the secondary leakage
impedance of the current comparator adds a significant burden to the test transformer that will
affect itserror.
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Figure 3.3 Compensated Current Comparator

The so-called compensated current comparator [11] shown in fig. 3.3 minimizes this problem for
the secondary circuit. Thiscircuit has an additional core that creates a transformer stage capable
of transferring power across the core from the primary to secondary circuit. In operation, a
compensation winding added to the detection core carries the magnetizing current, |, of the
transformer stage as shown, so that the voltage, Vs, of the secondary current source at detector
balanceis given by:



Vs =1 ,,2¢, (3.8)
where Z¢ is the leakage impedance of the compensation winding. Thisis more apparent from the
equivalent circuit shown in fig. 3.4. When the secondary current source is adjusted to achieve a
null on the detector, no current flows through the magnetizing impedance, Zp, of the detection
core. Therefore, current I’ 1y that flows through the leakage impedance, Zc, of the compensation
winding, exactly equals the magnetizing current |1, and the secondary current I’ s exactly equals
the ideal secondary current, |s.
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Figure 3.4 Compensated Current Comparator: Equivalent Circuit

At detector balance, the equivalent |oad seen by the secondary current sourceis:

Z|_ — V_S — IleC ~ (ZS + ZB)ZC , (39)

IS IS Zml

which is normally quite small as compared to aload of Zswhich would exist for asimple,
uncompensated current comparator. Applications of the compensated current comparator will be
discussed in chapters 6 and 9.

4. MAGNETIC DESIGN EQUATIONSAND THE MEASUREMENT OF MAGNETIC
PROPERTIES

4.1 Hysteresis, Permeability and Core L oss

The so-called hysteresis loop of a magnetic core reveals several important characteristics that
must be considered when selecting the cores to be used in transformers or current comparators.
The magnetic field intensity, H, in amagnetic core is amemoryless linear function of the current
linking the core. However, the magnetic flux density, B, is only linearly proportiona to the
current when the core is anon-magnetic material, i.e., when the permeability is that of free
space, wo. Otherwise, depending on the type of magnetic material used, the magnetic flux
density isanonlinear and non-unique function of current (or magnetic field intensity).
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Figure4.1 HysteresisLoop

These relationships areillustrated with the B/H curve or hysteresisloop shown in fig. 4.1, which
istypical of the magnetic cores used in most current transformers and current comparators. By
definition, the slope of the curve, i.e., B/H, isthe magnetic permeability, Ko, where K, isthe
relative permeability. As the current increases from zero, the permeability has an initia value
that increases as the current gets larger, until apoint at which it begins to decrease, ultimately
reaching avalue of g asthe current becomes very large. If the current is then cycled back
through zero to alarge negative value, and so on for aperiodic signal, the memory effect of the
hysteresisloop is manifested.

Several important points areillustrated here. First, since the permeability isanonlinear function
of current, we can expect the resulting magnetizing current of atransformer (as described in
(2.5)) to contain harmonic components even when the primary current is strictly a single tone
sinusoid. However, because of the symmetry of the hysteresis|oop, only odd harmonics will
normally appear. (If the core has residual dc magnetization though, the loop will become
asymmetric and even harmonics will also be generated.) Second, the relative size of the
magnetizing current, and hence the error, varies depending on the flux density in the core (see
section 4.2). Third, if the peak flux density becomes too large, the core “ saturates,” the
permeability plummets and the error increases dramatically (see section 4.2). Fourth, the
hysteretic property of the B/H curve suggests that energy is being used to magnetize the core,
which resultsin coreloss. Infact, for repetitive signals, e.g., sinusoids, the total energy per unit
core volume per cycleis equal to the area enclosed by the loop. The resulting corelossis
represented in an equivalent circuit as a paralel loss component of the magnetizing impedance.
Finally, theinitial state of magnetization affects the overall size and symmetry of the B/H curve
(and the harmonic content as noted above) and demagnetization may be required to achieve the
initial state of zero magnetization that is assumed in fig. 4.1 (see section 4.5).
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4.2 Magnetic Flux Density and Saturation Flux Density

In order to estimate the size of magnetizing currentsin transformer designs and hence the errors
that result, it is necessary to know the magnetic flux density that can be expected in the cores.
For toroidal cores, the magnetic flux density may be calculated in terms of the secondary current,
secondary leakage impedance and burden, asfollows. From (2.2), the frequency domain
relationship between secondary winding voltage, Vs, flux, @, and flux density is given by

Vg =—Ngjo® =-NgjoBA, (4.2)
where Ngs is the number of turns in the secondary winding and
A is the effective cross sectional area of the core.

Rearranging (4.1) yields

B= jV—S, (4.2)

2 f NsA

and combining this with (2.4) gives the magnetic flux density as

B=—j M ) (4.3)

21 fINGA

With |s expressed in amperes, the impedances in ohms, and A in squared meters, Bisgivenin
teslaor Wh/m?. Notethat 1T equals 10* gauss, with gauss being the unit more commonly used
by manufacturers of magnetic cores.

If Vsisassumed to be the rms value of the secondary voltage and Bs; iS the saturation flux
density, then the largest secondary voltage that can be sustained, Vamax, iS Obtained from (4.2) as

v _J2nINAB,

Smax \/E

4.3 Magnetizing | mpedance and M agnetizing I mpedance per Turn-Squared

(4.4)

Asnoted in chapter 2, the principal component of the magnetizing impedance, Z,, associated
with awinding on a core is the self-inductance of the winding. So again, for toroidal coresthe
magnetizing impedance is given by:

ok pgNZA L fR N A
m I—r 7! R '

This expression ignores the contribution of core loss, which istypically rather small at low
frequencies.

(4.5)
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The impedance given in (4.5) corresponds to a particular number of turns, N, of the winding. For
design purposes, it is usualy more convenient to characterize the coreitself by its magnetizing
impedance per turn-squared, given by:

Z Cfk oA
—x 4.6
Nz SR (4.6)

While the expressions of (4.5) or (4.6) are critical to the selection of cores and the number of
turnsto use in atransformer design, they only provide approximate estimates of device
performance. As noted above, they ignore contributions such as core loss, and the values for the
parameters on which they depend are usually typical values taken from data sheets. To get a
more accurate estimate of the performance oneis likely to achieve once a core has been selected,
it is certainly advisable to measure the magnetizing impedance per turn-squared directly. Such a
measurement is simple to perform with the setup shown in fig. 4.2.

o o5

N
N
N, e— Z;
Zm
—o0 o Vo o

Figure4.2 Test Setup to M easure M agnetizing |mpedance per Turn-Squared (Ieft), and its Equivalent
Circuit (right)

N

With this setup, two windings are placed on the core under test. The first, with N; turns, carries
the excitation current that is measured in terms of voltage V; across the series ac resistor. The
second winding of N, turns, produces the induced voltage, V.. The current is adjusted to give the
desired magnetic flux density test condition, which isindicated per (4.2) by voltage, Vs=V», and
then the two voltages are recorded. The magnetizing impedance per turn-squared is given as.

Zm 1 V5R
N2 NNz Vv

(4.7)

By using two windings, this approach makes it possible to measure the impedance per turn-
sguared independent of the leakage impedance of either winding. The valuesfor N; and N, are
selected for convenience of measurement, but some care should be taken to distribute each
uniformly around the core.

4.4 Detection Sensitivity for Current Comparators, and Tuned Detection

The function of a current comparator is to detect the condition of ampere-turn balance among the
ratio windings. Asdiscussed in chapter 3, ampere-turn balance is sensed by a detection winding
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placed on the detection core. The main parameter of interest in sel ecting the detection core and
number of detection winding turns is the detection sensitivity, i.e., the detection winding voltage
produced per ampere-turn of unbalance. Referring to fig. 3.2, any ampere-turn unbalance gives
rise to the magnetizing current, |, which flows through the magnetizing impedance, Z,
Therefore, the detection voltage, Vp, is given by:

Nyl Z
V, = _ D mTm (4.8)
NS
The detection sensitivity, Zp.s, is then:
Vv NyZ
Z,  =—2-=-bB"m, 4.9
D-S ImNS N; ( )

since |,;Nsis the ampere-turn unbalance. For toroidal cores, we combine (4.9) with (4.6) to
yield:

7. o~ j Mol Kt (4.10)
R
If 4.10 is expressed in terms of winding density, i.e., the number of turnsin the detection
winding per unit length of core circumference, D+, then we have [4]:
Zy s~ joDr koA, (4.11)

where D; = N, /(27R) . Expressed in this way, we see that the sensitivity does not depend on
the diameter of the core, but only on the winding density and the cross sectional area of the core.

As previously noted, the magnetizing impedance is primarily inductive at lower frequencies, and
so the detection sensitivity is aso primarily inductive as the imaginary term in (4.10) implies.
This makes it possible to increase the detection sensitivity by tuning the circuit with a capacitor
across the detection winding as shown in fig. 4.3.

(X
)
Ip |p
Np Z
o : Np : v
Ns Ng :
—~n g miOfovyom it 4
D . A\ 4 IS ND . Zm
| C I C
£F (F

Figure 4.3 Tuned Detection Circuit (Ieft), and Equivalent Circuit (right)
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The sensitivity is greatest when the capacitance is given by

B L

(wL)?+22°
where L isthe inductance of the detection winding, (k. 1,NZ2A) /(27 R) , and the |eakage
impedance, Zp, is assumed to be resistive [4].

(12)

4.5 Core Demagnetization

\4

Figure 4.4 CoreDemagnetization

At the beginning of this chapter, it was noted that dc magnetization of a core affects the size and
shape of the B/H curve, which in turn can affect the overall error performance of the device. To
remove residual magnetization, it is necessary to raise the ac winding voltage to the point that the
core saturates, and then reduce the voltage slowly to zero. This processisindicated in fig. 4.4.
The voltage must not be switched off before it reaches zero, since the resulting transient may
remagnetize the core.

5. WINDING TECHNIQUESAND THE ESTIMATION OF LEAKAGE IMPEDANCES

There are three basic choices to be made in designing the windings of a current transformer or
current comparator: the number of turns, the wire size, and the winding layout. These choices

directly affect the winding's magnetizing impedance, its current carrying capacity and leakage
impedance, as well as the resulting magnetic and capacitive errors.

5.1 Number of Turnsand Wire Size

Thefirst consideration when selecting the number of turns and wire size to use must be the
current carrying capacity required of the winding. Generaly, for windings that carry little or no
current such as detection, compensation or tertiary windings, self-heating is of little concern,
however for the main ratio windings it becomes paramount. While the amount of power
generated in awinding is of course the square of the winding current times the winding
resistance, the temperature buildup is more difficult to calculate since it depends on how readily
heat can be removed from the winding. However, for most practical cases a rule-of-thumb of
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240 amperes per cm? of wire cross-section should be acceptable. This applies to devices with
multiple windings in areasonably ventilated space maintained at room temperature. Table 5.1
presents the approximate current carrying capacity of several wire sizes based on thisrule. Of
course, aheavier wire (i.e, smaller wire gage) than shown in Table 5.1 can be used, and may be
appropriate to achieve the desired resistance for the winding.

Table5.1

Approximate Current Carrying Capacity of Selected Wire Sizes
Wire Size (AWG) Current Carrying Capacity (A)

#12 7.9

#15 4.0

#18 2.0

#20 1.2

#24 0.49

The number of turns to use for awinding depends on the type of winding. For adetection
winding, the required sensitivity dictates the number of turns needed, as discussed in section 4.4.
For tertiary or compensation windings, the number of turnsis usually selected to match that of
the secondary winding, and the wire size for these is usually selected to give the lowest
resistance that can be achieved in a single-layer winding, although in some cases multi-layer
windings may be required. The effects of the resistances of these windings on the device error
are given in chapter 6. For the secondary windings of transformer stages, the required
magnetizing impedance sets the lower bound for the number of turns (see sections 1.2, 3.1, 4.3
and chapter 6), but other considerations such as saturation flux density can dictate alarger
number (see section 4.2). Of course, the number of turns selected for the secondary winding
must give an integer number of turns for the primary winding, to achieve the desired turns ratio.

5.2 Winding L ayout

As seen in previous chapters, the error of atransformer stage that results from magnetizing
current is only dependent on the number of turns of the secondary winding. Therefore, itis
usually preferable to have afixed number of turns for the secondary winding since this practice
keeps the error constant over al availableratios. Multiple ratios are then accommodated viathe
primary winding. In chapter 7, we will see that winding uniformity isimportant in minimizing
so-called magnetic errors, so it is also important to distribute the turns of awinding uniformly
around the core, preferably in onelayer. Thisaso makesit easier to calculate errors due to
circulating capacitive currents as discussed in chapter 8. The preference for single-layer
windings has two reasons: interwinding capacitance is greatly increased in multi-layer windings,
leading to larger capacitive errors; and the leakage inductance of awinding increases
substantially with multiple layers since flux between the layers does not link al of theturns. The
leakage inductance is aso greater in the outer winding, since the flux in the space between
windings does not link the inner one at all. Therefore, it is common practice to make the
secondary the inner winding, thus minimizing its leakage impedance and the resulting error that
it causes in conjunction with the magnetizing impedance. The reactance of asingle layer
secondary winding is then usually negligible at lower frequencies. For multi-layer windings
though, the reactance can be the dominant source of |eakage impedance, especialy at higher
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frequencies. Also, the leakage reactance of the primary (outer) winding isrelatively larger. Note
that it is experimentally difficult to measure the individual |eakage impedances of each winding,
except for their dc resistive components. Therefore they must be estimated anal ytically
whenever it islikely that the reactances will be significant. Of course, the resistive components
can be readily estimated from the resistance per unit length of the wire (available from wire
tables) and the length of wire in the winding. Formulae for cal culating |eakage reactances can be
found in [1,19].

For multi-ratio devices, a series-parallel arrangement of the primary winding asillustrated in fig.
5.1 can be used to advantage. The winding is divided into P individual sections of Q turns each,
with the sections wound side-by-side such that the core circumferenceisfilled by the P sections.
To achieve the lowest available ratio, Ng/Np, al P sections are connected in series. Higher ratios
are available by connecting the sections in series-parallel combinations as shown in the figure.
For the examplein thefigure, Pis8 and Q is 30. If the secondary winding has 240 turns, then
the arrangement in the figure can give four ratios: 1/1 (240/240), 2/1 (240/120), 4/1 (240/60), and
8/1 (240/30). Notethat for afixed secondary current level, the primary current increasesin
proportion to the turnsratio, but the current flowing in each of the P sections is constant
regardless of ratio and the power dissipation in the winding is aso constant. Furthermore, the
ampere-turn current distribution in the winding does not change from ratio to ratio, so that any
magnetic error (see chapter 7) that exists should be independent of ratio aswell. This method
minimizes the total number of turns required in the primary winding, and requires wire of only
one size. In addition, the primary leakage impedance simply scales inversely with the square of
the ratio. The drawbacks of the series-parallel approach are that the available ratios are limited,
and procedures used to make the necessary connections are more complicated than is otherwise
required.

~

N
A\ 4 | p
g A N RN .
8 sections
N @30Tea
(GOF;) [JLJLJLJ [/\J LAJ LJ_LJ oo
Ng :
(240T) }IS
VYWV
Zp

Figureb5.1 Series-Parallel Arrangement for Primary Winding (one example)

5.3 The"Single-Turn” Problem

As an N-turn winding progresses around the circumference of the core, it not only links the flux
in the core N times, but it aso links once any flux in the window of the core. Flux in this region
is extraneous and will induce an additional voltage in the winding that is unwanted. Such flux
often represents spurious mutual coupling to external circuit elements, e.g., currentsin
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conductors leading to or from the device in question, and as such will induce a voltage that is
coherent with the flux in the core. For ratio windings, an induced voltage is usually
inconsequential if it is small with respect to the normal voltage appearing across the burden (for
secondary windings) or at the source (for primary windings). However, for the detection
winding of a current comparator, the voltage represents a direct error, and for tertiary and
compensation windings that operate at low voltages, it can create problems as well. The solution
to the problem isto add a single return loop around the window that cancels the single turn of the
winding, asillustrated in fig. 5.2.

Winding advance
CDeXT (Left-hand rule)

return
loop

Figure5.2 Solution for “Single-Turn” Problem

5.4 TurnsCounting

Somewhat surprisingly, it isn’t necessarily easy to make an error-free count of the number of
turns that are being manually applied to acore. Ten turns are easy to count, but 100 turns
reguires some care, and 1000 turns is even more difficult. After theturnsare applied, itis
important to verify the count or else the device may be useless. The setup showninfig. 5.3 is
useful for this purpose.

Figure 5.3 Turns Counting Circuit



In the figure, Nx represents the number of turns in the winding to be counted and N¢ represents
the number of turns, presumed known, of another winding placed on the same core. The
winding under test is excited by a source, and the voltage across each winding is accurately
measured. For the resultsto be accurate, N should be readily countable, but no smaller than 10;
the test frequency should be chosen such that

Z_ >10N,Z,, 5.1
mx X=X

where Znx 1S the magnetizing impedance of the winding under test at that frequency
Z, isthe leakage impedance of the winding under test,

and V should be set high enough that V., is readily measurable with uncertainty less than
1/(10Nx). The number of turnsin the test winding is then given by:

N, = round{NC %} , (5.2

2

where round[*] represents the nearest integer value of *. Clearly, as Nx approaches 1000 or
more, the demands on the voltmeter’ s accuracy become critical. If avoltmeter with sufficient
accuracy is not available, then it becomes necessary to create a bridge circuit in which the
voltage ratio is compared with the programmable voltage ratio of an accurate, inductive voltage
divider.

6. PASSIVE AND ACTIVE CORRECTION TECHNIQUES

Aswe saw in earlier chapters, the ratio accuracy of asimple two-winding current transformer is
limited by the inherent magnetizing impedance of the secondary winding. Theresult isthat a
small portion of the secondary current is shunted away from the burden. A number of
approaches have been proposed to minimize this error, and these are generally based on adding
“corrective” cores and windings, or on the use of feedback amplifiers, or more often, on
combinations of both approaches.

6.1 Passive Two-Stage Current Transformers

The addition of a second core and winding asillustrated in fig. 6.1 creates a so-called two-stage
transformer [10, 26]. Asthefigureillustrates, the primary and secondary windings link both
cores, but the tertiary winding only links core 2. The second stage consisting of core 2 and the
tertiary winding, senses the ampere-turn difference of the first stage, i.e., the magnetizing
current, and under the proper conditions produces atertiary current that is very nearly equa to it.
Therefore, the sum of the secondary and tertiary winding currentsis very nearly equal to the
ideal secondary current. For the second stage to produce an accurate correction however, the two
stages must have separate burdens, or the common burden must be very small. The equivalent
circuit of fig. 6.2 illustrates the case in which there are two separate burdens, designated Zg; and
Zg,. Notethat the equivalent circuit is simply the equivaent circuit of a simple current
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Figure6.1 Two-Stage Current Transformer with Separate Burdens

transformer (stage 2) embedded in the equivalent circuit of another simple current transformer
(stage 1), and the primary current of stage 2 is the magnetizing current of stage 1. A solution of
the network equations for fig. 6.2 gives the following expression for the transformer ratio,
defined as the ratio of the primary current to the sum of the actual secondary and tertiary
currents:

-
=z

- ~—(l+¢,-¢ ) 6.1
o Np( L7€5) (6.1)
where
Z.+7Z
e sZ+ Bl and Szz—ﬁ and(Zg +2Z,)<<Z,,,(Z; +2Zg,) << Z,,.(6.2)
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Figure 6.2 Two-Stage Transformer with Separate Burdens; Equivalent Cir cuit

Therefore, the ratio error as defined in section 1.2 is approximately equal to minus the product of
the ratio errors of the individual stages. Brooks and Holtz first described the two-stage current
transformer [26] in 1922. In their application, two separate windings of awattmeter constituted
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the two burdens, and the wattmeter responded to the sum of the two currents, thus providing a
more accurate reading than was attainable with a conventional wattmeter and single-stage
transformer.

—
&
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Figure6.3 Two-Stage Transformer-Scaled Resistor
Fig. 6.3 illustrates another application of the two-stage transformer with separate burdens that
has been used successfully by the author and others. For the case in which Zg; is approximately

equal to Zg;, thisisasimple but very accurate way to produce a lower-valued trans-resistance
from alarger-valued 4-terminal resistor. Here, the output voltage is given by:

N
Vo zN—Plszl(l-l— 6,8, —6.41), (6.3)

S
where Z,, = Z,,(1+ 1) and & and &, are as defined above.

Although simple, this circuit can be quite accurate and exhibit wide bandwidth; furthermore,
reasonabl e resistance values (0.1 to 1.0 ohm) can be used for good ac accuracy.
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Figures 6.4a and 6.4b Two-Stage Transformer with Single Burden: Equivalent Circuits

Also, the power dissipated in the output resistor is only Np/Ns times the power dissipated in an
un-scaled resistor of the same value. The accuracy of atwo-stage transformer degrades usually
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when a single burden is shared by both stages. The corresponding equivalent circuit is shownin
figs. 6.4aand in areduced form in 6.4b.
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Figure 6.4c Two-Stage Transformer with Single Burden: Final Equivalent Circuit

Finaly, followinga V — Y transformation, the equivaent circuit in fig. 6.4b yields that shown
infig. 6.4c,

ZmZ Zs”Z ZZ
where Z; = m=s | z,= Shall ,and Zz= mier
erﬂ_+ZS+ZT ZI’T’ﬂ_+ZS+ZT ZI’T’ﬂ_+ZS+ZT

With the usual assumption that the burden and leakage impedances are small with respect to the
magnetizing impedances, the circuit of fig. 6.4c yields the following transformer ratio:

e z&(1+ﬁ}£(1+i+i}zk(l+i} (6.4)
I+1; N, Z N, Z2.Z, Z N, |~ Z

m2 m2 m2

Note that the effect of the second stage in this caseis to essentially eliminate the contribution of
the secondary winding leakage impedance to the error, while leaving the contribution due to the
burden untouched. Therefore, unless the burden impedance is very small, the two-stage
transformer with common burden is not in itself avery useful circuit.

6.2 Active Two-Stage Transformers

The use of feedback amplifiers can minimize the previously discussed errorsin two-stage
transformers caused by the burden impedance. A smple exampleisshown infig. 6.5. Here, the
effective burden as seen by the transformer is reduced by the amplifier gain, G, and the output
voltage is given by:

voz(|‘s+|;)zB(1—éjz|SZB(1—1— Ze J (6.5)
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Figure 6.5 Two-Stage Transformer with Feedback Amplifier

For high-accuracy applications, this circuit requires that the amplifier gain be quite high at the
frequencies of interest. Furthermore, the amplifier must be capable of handling the full
secondary current aswell as the full power dissipated in the burden. These requirements are not
often easy to meet in practice.

)

——VWW—¢—
Vo Zg st
Figure 6.6 Amplifier-Aided Two-Stage Transformer

The amplifier-aided two-stage transformer circuit shown in fig. 6.6 minimizes all of these
problems[10]. Inthis case, thefirst stage supplies the main current and power to the burden,
while the amplifier is used to reduce the burden as seen by the second stage, and to sum the
tertiary current with the secondary current in the burden. The value of the current delivered to the
burden is given (with the usual assumptions) by:

. . Z.+Z
1+ 10~ 1 flmgye,]= 14| 1= 28t Zo 21 P e | (6.6)
Zml Zm2
where the second stage burden, Zg,, is:
ZBz ~ ZBl ~ ZBlzml (67)

&G (Zs+Z,)G’
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The resulting transformer ratio is then:

LI ﬁ{u (Zs+Ze)Zr | Zan } (6.8)
I+ 15 N Z.Z., GZ,

Both of the error terms are of second order, so thereis no first-order dependence on the amplifier
gain, unlike the example of fig. 6.5. In addition, the last error term should be essentially constant
over awide range of frequencies since the magnetizing impedance, Zp, increases as the
amplifier gainisrolling off with frequency. Because the feedback of thisdesign isdirectly
coupled rather than magnetically coupled as with some other designs, it is inherently quite stable
at large open loop gains. A potentia drawback however is that any dc offset in the amplifier will
produce an unwanted dc current in the burden.

6.3 Active Current-Comparator Correction Circuits

Other correction circuits are based on the current comparator. For example, the self-balancing
current comparator devel oped by O. Petersons [16] combines a feedback amplifier with the
compensated current comparator of section 3.1 to produce a nearly idea transformer ratio. The
circuitisshown infig. 6.7 and its equivalent circuit isgivenin fig. 6.8. Here, the amplifier
produces a compensation winding current, I¢, that balances the current comparator. The current
Ic is summed with the secondary current, I’ s, in the burden, establishing anearly ideal current
ratio. A solution of the network equations derived from fig. 6.8 gives the following transformer

ratio (see [16]):
, e zﬁ(u #J (6.9
Is+1c N; Z.,(G+]

Note that in designs where the first error component of (6.8) is negligibly small, (6.8) becomes
essentially the same as (6.9). The magnetically coupled feedback of this design requirescarein
stabilizing the amplifier, and a wideband operation is difficult to achieve.
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Figure 6.7 Self-Balancing Current Comparator
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Figure 6.8 Sdf-Balancing Current Comparator: Equivalent Circuit

The next example, the Miljanic-So-Moore circuit [3], looks at first like the self-balancing current
comparator; however, the feedback is via an excitation winding on the core of thefirst - or
transformer — stage as seen in fig. 6.9. With sufficient gain, this winding provides just the right
magnetizing current to the first stage to cause a nearly perfect secondary current to be developed.
The feedback current is returned with the opposite polarity through the detection winding. Since
the detection winding has the same number of turns as the excitation winding, the excitation
current produces no flux in the detection core, and the only source of flux in that coreis any
imbalance in the primary and secondary ampere-turns. The equivaent circuit of fig. 6.10is
rather complicated, but servesto illustrate the operation of the circuit. For sufficient high
amplifier gain, the only remaining error in this circuit is caused by the flow of the excitation
current through the leakage impedance of the detection winding. The resulting voltage drop
must be offset by adlight error in I’ s that flows through Z», the magnetizing impedance of the
detection winding. Thiserror is given by:

oo Zo(Zs+2Z5) (6.10)
ZlemZ
Ip
Np
Ns _NW\_
\ dF
\/
VWV
Zp

Figure 6.9 Miljanic-So-M oor e Cir cuit
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Figure 6.10 Miljanic-So-M oore Equivalent Circuit

As (6.10) indicates, the error isinversely proportiona to the magnetizing impedance of the
detection winding and directly proportional to the detection winding leakage impedance. Since
the former is proportional to N2 and thelater to N, it is reasonable to make the number of
turns of the detection winding, and hence the excitation winding also, as high as practicable.
This circuit has the advantage that no dc current is introduced into the burden.

6.4 Construction of Two-Stage Transformersand Compensated Current Comparators

A typical physicd arrangement of the cores and windings for two-stage transformers as well as
compensated current comparatorsisillustrated in fig. 6.11.

Ratio Windings

Main core
(core 1)

| Tertiary
-‘ Compensation
H/ | Detection

Windings

Correction or

Magnetic Shield Defzcg'rg”ﬁore

Figure 6.11 Construction of Two-Stage Transformersand Compensated Current Comparators

Note that core 2 is shown enclosed in a magnetic shield. The purpose of thisis discussed in
detail in the following chapter. Although this general method of construction isthe most widely
used today, the early papers of Miljanic, Kusters and Moore [4, 17, 18, 20] propose another
method which combines the function of core 1 with that of the magnetic shield. Most today
agree that the construction shown in the fig. 6.11 leads to more effective magnetic shielding.
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Figure 6.12 Cascading Two-Stage and Amplifier-Aided Two-Stage Transformers
6.5 Ratio Cascading

In some cases where large ratios are needed, it is preferable to achieve the desired ratio by
cascading two (or more) devices asillustrated in fig. 6.12. The benefit of this approach is that
fewer turns are required for the windings of each device, resulting in smaller physical size and
lower capacitive errors. In the example shown, a simple two-stage transformer with aratio of
Nsi/Np; is cascaded into an amplifier-aided two-stage transformer having aratio of Ns,/Np,, and
the resulting composite ratio is the product of the two: (Ns;Ns2)/(NpiNpp). Note that the tertiary
winding of the upper transformer cascades into atapped section of Np, turns of the tertiary
winding of the lower transformer. This assures that the equivalent burden on the second stage of
the upper transformer is appropriately small, and that the correction current of that stageis
weighted appropriately in the lower transformer. Similar cascading approaches can be used
when the lower deviceis acurrent comparator, either simple or compensated.

7. MAGNETIC ERROR: ITSMEASUREMENT AND MITIGATION

In previous chapters, it was assumed that the primary and secondary windings couple equally to
the tertiary winding of atwo-stage transformer, or to the detection winding of a current
comparator. In fact, thisis never quite true: the coupling is dependent on the physical
distribution of windings, and on the homogeneity of the magnetic properties of the core. For
devicesin which care has been taken to make the windings uniform, and high quality cores are
used, the magnetic error can usually be held to alevel of about 10°. To achieve higher
accuracies, some type of magnetic error mitigation must be employed. Asaresult of magnetic
error, the sensitivity of a detection winding is somewhat different to ampere-turnsin the primary
winding asit isto ampere-turnsin the secondary winding, asillustrated in fig. 7.1. Therefore,
under the simple conditions shown in fig. 7.2, the detector voltage will not be zero, i.e.,

Vp = 1,NoZP o —1sNGZS ¢ = IN, (20 s —2Z5 ¢)=0. (7.1)
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Figure 7.2 Manifestation of Magnetic Error

7.1 Source of Magnetic Error

The cause of magnetic error isillustrated in fig. 7.3, which shows a section of a magnetic core
with detection winding, and another concentrated winding represented by a single turn.

Ratio A
Winding

Tertiary or
Detection Winding

D

Figure 7.3 Source of Magnetic Error
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Although a detection winding is used in this example, the same principles hold for the tertiary
winding of atwo-stage transformer, or for that matter, any third winding that is intended to be
linked equally with the main (primary and secondary) ratio windings.

In a current comparator, the detection winding would normally be connected to a detector, and
the single-turn winding would represent a section of 