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ABSTRACT: some design problems regarding a

gpecial

current transformer are

presented and discussed: the transformer must be suited for the measurement of
the harmonic pollution of D.C. currents generated or absorbed by static con-

verters; for example, situations of this kind occur -in the stationary and

the on board systems of the D.C. traction plants.

1. INTRODUCTION.

In several D.C. plants, connected with A.C.
plants by static converters, an important problem
is the limitation and the measurement of the D.C.
9ide harmonic pollut}on generated by the conver-
ters. On the one hand, in order to limit this
pollution, especially dovoted power filters ara
frequently emploied; on the other hand, sometimes
the verification of the levels of the harmonic
content of the currents on the D.C. side requires

the measurement of alternative components congi-

derably smaller than the direct component, in .a
frequency range within a few Hz to some kHz.
A typical situation is that of the D.C. trac-

for example, the limits of the harmo-
(3uch

tion lines:
nic noise for the on board conversion units
as the auxiliary inverters) impose' that the maxi-

mum allowed amplitude of the alternative compo-

nents be of the order of 10 +10™° times the di-
rect component, from a few Hz up to 10 KkHz
(fig.1).

Usually the precision class of the current

transducers is given in terms of the maximum value

of the measurad current: considering that the
amplitude of the harmonic components is low compa-
red with the average value, the accuracy with
which the current harmonic content can be estima-
ted is greatly limited.

On the other hand, the presence of the direct
component at the output terminals of the trans-
ducer, if not suitably filtered, implies several
problems, in particular for the harmonic analy-
sers: in fact, also their precision and resolution

are related to the maximum instantaneous value of
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in

the signal to be analysed, then the instrument
errors are affected by the direct component too.
The use of a current transformer (C.T.), suita-
bly designed, as an interface device between the
power circuit and the measurement system, involves
certain advantages: the galvanic insulation (for
safety reasons and for the de-coupling of the
acquisition channels of the instruments) and the
filtering of the direct component (obtained with-

out high-pass filters added).
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Fig.1l - Allowed the
harmonic pollution generated by auxiliary static
converters for on board traction plants:
voltage: 3000 V d.c.; converter rating: 45 kVA.

line

The design problems are numerous: on one hand
the high direct current requires the adoption of
gapped cores, in order to prevent the magnetic
saturation; on the other hand, the existence of a
gap implies high values of the magnetizing compo-
nents of, the harmonic currents.
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Leaving the winding and core data out of congi-
deration, the highest errors occur at low frequen-
cies, where the primary current is mostly magneti-
zing, and at high frequencies, where thg leakage
Secondary reactance grows and the capacitive phe-

nomena occur.

2. BEHAVIOUR OF MAGNETIC MATERIALS WITH D.c. Awp
A.C. FIELDS SUPERPOSED.

The presence of a great direct component in the
current to be analysed causes a magnetic behaviour
quite different from that in A.C. as
known, the A.C. operation of a magnetic materijal
is described by the normal magnefization curve, or
per-

operation:

the curve =y (B), where # is called normal
meability, or, simply, pPermeability.

On the contrary, the experience shows that,
given an alternating magnetic strength AH and a
biasing constant magnetic strength (Hde)
poged, the alternative flux dengity AB is not 7]
times AH, but sensibly lower: in this cage there
are asymmetrical hysteresis cycles having a slope

Super-

defined by another permeability coefficient, cal-
led incremental permeability (Hp): n, decreases
with the increase of Hde (fig.2.a), and it jp-
creases with the increase of AH (fig.2.b).
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Fig.2.a.- Minor hysteresis loops in iron®: Hy

(slope of the loops) as a function of the biaging
field strenght (Hde),
ting magnetic strenght (AH) .
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Fig.2.b.- Minor hysteresis loops in iron®: Hy
{slope of the loops) as a function of the alterna-
ting magnetic strenght (All), being constant the
biasing field strenght (Hdc).
It is defined reversible permeability  (urev)
the following quantity:
prov = fim [‘%@-ﬂ “dmop, .
AH-+0 Hde=const AHw.Q

Considering the low amplitude of the alternative
components that occur in the present case, in the
following we wil] refer to the reversible per-

meability rather than to the incremental permeabi-

lity.
It is defined initial Permeability the quanti-
ty:
. , A .
M = Lim [Eg] = Lim u | (2)
AH-+0 Hde=0 AH+0

On the basis of some theoretica!—exberimental
studjes® we can assume that the reversible
meability obeys the following law:

- mm] k

Baat

per-

Hrev ==y - [1 (3)
where:

- Boat is the material gaturation flux density;

- Bint is the intrinsic biasing flux density, that
can be assumed equa} to:

Birnt = Bdc~p10 - Hde ~ Bde- (l—yo/[.l(ﬂdc)];
considering that usually Bde is quite lower than
saturation valuye Boat, we have p1(Bdc) » Ho, from
which: Birt = Bde;

-~ k i3 an exponent depending on the kind of the
magnetic material: its valye is included in the

range 0.75+2.
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From eq. (3) we can deduce that the most suited
magnetic material has high values of initial per-
meability i and saturation flux density Beat.
During the design, the adoption of a m§terial with
high values of Besat and (i allow to choose a high
biasing flux density Bde (so that it is not neces-
sary to adopt an air-gap too much wide), without
reducing too much the reversible permeability.

The examination of the characteristics of the
materials commercially available suggests that
materials having the best values of these parame-
ters are not silicon-iron alloys, but Mumetal
alloys (fig.3), that have:

p o= 25-10°-wo; Boat x 0,7 T; k = 0,75,
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Fig.3 - Typical normal magnetization curves in a

wide range of commercial magnetic materials.

3. THE D.C. POLARIZED C.T. IN THE OPERATION AT LOW
FREQUENCY .

The high value of thg direct current component
in the C.T. primary winding imposes the adoption
of a gapped core. in order to limit the saturation
level of the material.

This structural characteristic is typical also for
the current transformers designed for the measure-
ment of transient and fault currents: about these
devices, a wide literature and Standard references
can be found.

In the D.C. polarized C.T. the comparative levels
of the harmonic components with respect to the
D.C. component implies some peculiar characte-
ristics: because of this, the study of the design
and of the model of this kind of device deserves a
special analysis.

During operation at low and medium frequencies
{when the effects of the parasitic capacitances
are negligible) the parameters of the "T" equiva-
lent circuit of a C.T. are, as known, the follo—
wing (referred to the same number of turns):
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Zt = R + jrw-la;
Z2 = R2 + jrw-l2;
Yo = Go - j/(w:lo),

Called Rm the value of the measurement resistance,

- primary series impedance:
- secondary series impedance:

- parallel admittance:

for each harmonic component the current ratio
1z/1s (RMS values) equals:

1z N1 /N2 (4)

. L2Y? (.o g, R2tRm)®
o

1t is evident that the error increases as the

frequency decreases: then, the maximum acceptable
error at a minimum reference frequency must be
indicated among the design specifications; in this
situation, eq. (4) can be rewritten as follows:

1z Ni /N2
i = (5)
+ Rm
1+ —TSTTB_J

The use of eq. (S) instead of eq. (4) corresponds
to neglecting the effects of the leakage flux
linked with the secondary. winding compared with
the main flux (in terms of parameters this means
to assume Lz « Lo), and to assuming negligible
the magnetic material losses compared with the
(congidering the
absorbs the
prevalent part of the reactive power, the parallsl

magnetizing .reactive power
presence of the air-gap, ' that
branch can be practically considered
reactiva: Go <« 1/(w-Llo)).

purely

Then eq. (5) is an approximate expression: never-
theless, its employment (partially not in com-
pliance with some classical theories”) is ac-
ceptable for design calculations, referring to the
low frequency range and considering the peculiari-
ties of the considered device.

In general, for reasons due to construction
needs, one can agsume that the core 13 always
provided with two air-gaps., having the same geome-
trical thickness &. disposed magnetically in se~
ries; moreover, the core has a geometrical lenght
{n and a net magnetic core section An.

Defined an equivalent magnetic air-gap:
Seq = & + (&n/2)/(prev/pe) , (6)

(where prev is the reversible permeability,
evaluated by eq. ({3)), the inductance Lo, referred

to the turns number Nz, can be expressed as fol-

lows:
Lo = MB-po-An/(2-Seq) . (7)
By substituting eq. {7) into eq. (5) one obtains:
- S (8)

Tam
’ 71+ 2

where I1e = [1-Na/Nz 18 the primary current refer-
red to the secondary and /3 equals:
B 2-5aq° (R2 + Rm)

3 (9)
w* N2 “po - An

n
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The quantity /2 can be defined as “error function®.
Besides the current ratio, it is of interest to
give the approximate expressions of other functio-
nal quantities:

= phase error p:

¥ =Lz - L T4 = arctg() ; (10)
- e.m.f. per turn Ei:
B o= o =m-x:-“‘;§“"‘- 1 ;an
? 1+ 2
- magnetizing current: .
I = In- g ; (12)
H 2
Y14+
- voltage Vm at the terminals of the measurement
resistance Rm:
Vm o M. Bmo e (13)

e —.
Y1+ ﬁ

When /3 increases, the magnetizing current and the
ratio and phase errors too, while the
e.m.f. per turn and the voltage at the ﬁeasurement

increase

resistance terminals decrease: then, the more 3
increases, the more the C.T. _performances are
getting worse.

With regard to the
parameters one can say:
the presence of the air-gap is neces-

influence of the various

~ air-gap &:
sary in order to avoid an excessive reduction of
the reversible permeability prev, caused by the
direct component lde of the Primary current. Asg
2 matter of fact, the biasing flux. density Bdc
can be practically assumed as follows:

Bde = yo-Ni-Ide/(2-6) ; (14)

on the other hand, a too high value of the air-
9ap increases (3, worsening the performances;

- total secondary resistance: a high value of such
3 regsistance (Rz+Rm) causes greater C.T. arrors;
on the other hand, high values of the voltage Vm
can be obtained by high values of Rm;

- frequency: as the frequency increases, there is
a decrease of the errors, at least in the low
and medium frequency range (£¢1 kHz, when the

effects of the parasitic capacitances are negli-
gible);

~ number of turns Nz of the secondary winding: the
increase of M2 implies a remarkable reduction of
the errors, thanks to its quadratic
on the other hand, when Nz increases,

influence;

the wvol-

tage Vm decreases Proportionally to the inverse
of Nz;

= section An of the magnetic core: a high value of

An reduces the errors. but it requires a hea-

vier, bulkier and more expensive design;

- middle geometric length &n of the magnetic core:

it is implicit in the expression (6) of the
equivalent air-gap Seq; if the material is cha-
racterized by high values of prev, ¢n affects
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very weakly the errors: in thijs case the magne-
tic length of the core equals a few percent of
the air-gap length. The definition of the geome-
tric length ¢n depends on the area of the window
necessary for the windings and on
needs regarding the construction of the core.
that,

Point of view, some of these
influence on the design and on
the C.T. that is similar to all the other kinds of

technological
One can observe from the qualitative

Parameters have an
the operation of
C.T.: nevertheless, in this case this influence
shows particular quantitatjve characteristics, due

to the special-operation conditions,

4. GENERAL DIMENSIONING CRITERIA FOR THE DESIGN OF
THE D.C. POLARIZED C.T..

The design begins from the specification of the
ratio error, that can be defined as follows:

(15)

£ =] - T;:
In particular, the error « to be considered is

that (;) corresponding to a certain minimum refe-
rence angular frequency (3); by manipulating eq.
(8) and (15), one obtains the corresponding value
of the error function 5:

¥ 22-322

Vel »— (16)

1l -«
With regard to the laminatijon thickness, the
need of a linear response of the transducer in 3

frequency range up to some kHz requires the adop-~
tion of a maximum value of thickness equal 0.3 mm,
in order to limit the disgipative and demagnet i-
zing effects of the eddy currents.

With regard to the core design, the possible
golutions could be numerous: the toroidal shape
would be the best one (negligidble leakage fluxes
and immunity to disturbances); on the other hand,
for constructive reasons it is better to adopt a
“double C* shaped core. Besides, the two configu—
rations are not so different each other (the
"double C"
squashed). For this reason,
toroidal core, equivalent to the “double C*

shaped core is a toroidal core slightly
in the following a
shaped
one, will be considered: the equivalence means
equal value of section and equal middle length. In
this way, it is easy to obtain simple
of the quantities of interest.

A toroidal magnetiec core having a rectangular
by the
widths
axial

-eXpressions

gection is characterized internal core
diameter (Dn) and by core
direction (an) and in the
Let be Ku=bn/an the width

coefficiont and Ket the stacking factor: the

in the radial
(bn).
ratio, Kn=an/Dn the core

direction

sec—

tion of the core An equals:
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An = Ket-Ku-Kh-Dn (17)

and the middie geometric length in of the magnetic

core cquals:

n > (1 + Kn)-Dn (18)
Eq. (17) and (18) show that the core shape is
defined by the internal diameter Dn and by the

adimonsional factors Ki. and Kn.
By referring the magnetic semilength of the
core to the value of the air-gap & by means of the

coefficient An, called core magnetic factor:

An = [(&n/2)/(prov/uc) }/6, (19)
from the comparison with eq.(6) one can write:
Soq = (1 + An)}-6 . (20)

From eq. (19) and (20) one can observe that the
parameter An has the same meaning of the
tion ratio, usually emploied for the study of the

most kind of gapped magnetic circuits.

satura-

On the other hand, by sgubstituting eq. (18) in eq.
(19) one obtain an expression of An, useful for
the design:

An = Zo(ltKn) | Dn (21)

2- (uroev/o) 6

In order to limit the influence that the ampli-
tudes of the direct and alterpative components
have on the rcurrent ratio, the core magnetic fac-
tor An must be suitably
example: An = 0.1).

It has been already observed that the error

lower than unity (for

function 5 decreases when the number of turns Nz
increases, following a quadratic law: then, it is
convenient to increase Nz as much as possible. On

the other hand, eq. (9) contains the resistance

Rz/Ni: this resistance, indicated with R;, equals:

P S p-fﬂi;!i-.l_ - p-_fﬂi_ , (22)
Ni Acz Arz
where {mz is the length of the middle turn of the

secondary winding, Acz is the conductor section.
Arz is the total copper section of this
by koeping constant Arz during the variation
Nz, nor the current density of the secondary win-
ding neither its gross utilization area varies.
Considering the variation of the design parame-
ters, i1n particular the resistance Rm, a need to
be observed is to obtain a suited value of the
measurement

winding:
of

voltage Vm at the terminals of the
resistance: eq. (13) shows that, neglecting the
effect of /3, this voltage does not vary considera-
bly if the ratio Rm/Nz (indicated with rm)

mantained constant:

Y]

Na-1g (23)

1+ ﬁ‘

Vm =~ rm-
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By manipulating eq. (9), the error function 3
changes a3 follows:
7= 2 bes | [R;,,Nm] (24)
-~ 2
w-* o * An
Eq. (24) points out the important fact that ﬁ
decreages when the number of turns Nz increases

(with rm constant): then the C.T. errors decrease
too, being unvaried the amplitude of the wmeasure-~
ment signal Vm.

From eq. (24), considering that R; <« rm/Nz, and
by the eq. (14), (16), (17), (21), (23), ob-
tains an expression of the product Nz-Dn particu-

one

larly interesting:
uz‘ & 1 + An . 1 K,z‘_ Vm_l_d_c_
/2_; -2 .3 Kot - Kn - Bde Is

As a matter of fact, this expression includes the
that

. (25)

Nz-

main functional and constructive gquantities,

affect the product Nz-DA:

- the core magnetic factor An has a weak influen-
ce;

- the

and

choice of the reference angular freguency @
of the corresponding current ratjo error <
is very important: this choice can make the
design very heavy, in case of too severe speci-
fications;

- the characteristics of the magnetic material are

included in the value of the core magnetic fac-
tor An (inversely proportional to mrev) and in
the flux density Bde (the higher ig Beat, the
higher can be Bdc);

~ the product Nz-Dh increases as the signal Vm
increases;

- the product Mz-Dn increases as the direct compo-
nent Ide increases. while it decreases as the

alternative component I1 increases.
The quantities not explicitly expressed in eq.
(25) are the air-gap and the primary number of

turns. With regard to the air-gap, from eq. (18)
and (19) one can obtain:
n 14+ Kn Dn X
i 2 prev/ue An ¢ (26)
then the air-gap increases with the internal core
diameter Dn and with the core coefficient Kn; the

higher is the relative reversible permeability,
the smaller is the air-gap: in practise, above all
for construction reasons, it is better to fix the
ratio 6/Dn at the beginning of the design.

With regard to the primary number of turns, by
solving eq. (14) one obtains:
2 -]

N = -Iz; Bde Tas (27)

Finally, the observation of eq. (25), (26),

(27) suggests the possibility to employ the same
core for measurements of harmonic noise of cur-
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rents having quite different average components

to the use of the same

lde: this corresponds
transformer for different nominal values.

As a matter of fact. eq. (25) contains ‘the ratio

Ide/11: then, if the harmonic content is constant
in per unit when referred to the Idec component ,
the product Nz-DA does not vary as Ide increases;

from eq. (26) one can deduce that the air-gap does
not change too. Then, according to eq. (27)., the
number of turns M+ must decrease as lde increases,
with a law of inverse proportionality. In con-
clusion, within certain limits and provided that
Ne 2 1, the same core with the number of

also for performing

same
turns N2 can be emploied,
measurements regarding fluctuating direct currents
having amplitude different from the value conside-
red for the design of the current transformer.

5. CONCLUSIONS.

In this paper it has been presented and discus-
sed a new type of current transformer, suited to
perform the measurement of small amplitude harmo-
nic noise associated to high values of direct
current components, absorbed or generated by sta-
tic converters, for example, the converters used
in D.C. traction lines.

The design criteria of the transformer are
quite different from those adopted for A.C.

choice of the

cur-
rent measurements, either for the
magnetic material or for the dimensioning of the
core and windings.

The studies continue, in order to improve the
design and the high frequency model of the C.T.,
also by means of experimental tests using proto-

types.
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L1ST OF SYMBOLS

Ac2  conductor section of the secondary winding
an radial width of the core section

An net magnetic core section

Arz  total section of the secondary winding
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Bde
Bint

Baat .

0\?3!39’

m o
Lol 1
a2

EX @ w o

n

Ide
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D.C. biasing flux density -

intringic D.C. biasing flux density
magnetic material saturation flux density
axial length of the core section

error function (generic value, see eq. (9))
error function (design value, see eq. {16))
internal diameter of the toroidal core
geometrical air-gap

equivalent magnetic air-gap (see eq. (6))
e.m.f. per turn

current ratio error (generic value)
current ratio error (design value)
magnetic flux in the core

parallel conduttance of the equiv. circuit

phase error

biasing D.C. magnetic strength

D.C. component of the primary current
magnetizing current

A.C.
primary current (RMS)

component (single harmonic) of the
A.C. primary current, referred to secondary
secondary current (single harmonic)

ratio of the core widths (KL = bn/an)

core coefficient (Kn = an/Dn)

lamination stacking factor

length of the middle secondary turn
geometric length of the magnetic core
parallel inductance of the equiv. circuit
primary series induct. of the equiv. circuit
secondg}y geries induct. of the eq. circuit
core magnetic factor (see eg.s. (19) e (20))
normal permeability

initial permeability

incremental permeability

vacuum permeability

reversible permeability

number” of turns of the primary winding
number of turns of the gecondary winding
specific measurement resist. (rm = Rm/N2)
measurement resistance

primary series resist. of the equiv. circuit
gecondary series resistance of the C.T.
equivalent circuit

specific secondary resistance, referred to |
secondary global equiv. turn (see eq. (22}))
copper resistivity

measurement voltage at the terminals of Rm
angular frequency of the A.C. quantities
(single harmonic)

angular fréquency corresponding to the error
= {design value)

circuit

parallel admittance of the equiv.

pPrimary series impedance of the "f" shaped
C.T. equivalent circuit
secondary series impedance of the "T" shaped

C.T. equivalent circuit.



