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This paper proposes a new method for noneontaet measurement of the de current. This device 
utilizes the skin effect of an ae current flowing in a ferromagnetic pipe with an amorphous-tape 
wound structure. The dc current controls the skin depth of the ac current. This dc-current 
transformer (CT) has no winding and outputs the difference between the terminal voltage of 
the pipe and the induced voltage in a one-turn coil. The ac current does not affect the de line 
because of axis symmetry. A linear relation between the output and de current is obtained 
when an appropriate ac drive frequency is selected. Improvement of gain can be attained by 
reducing the diameter. It is clarified that the magnetic pipe is applicable for a dc-CT with a 
small size. 

I. INTRODUCTION 

Noncontact measurements of the dc current are widely 
used in the area of power systems and electronic circuits. I 
Recently it has become necessary to develop a dc current 
sensor having no windings in order to meet a need to mini
turize the sensors. 

We developed a new de current sensor utilizing a mag
netic pipe2

--4 with an amorphous-tape wound structure. This 
device is easily assembled without winding and is applicable 
for dc-CT. The operating principle is based on controlling 
the skin depth of the ac current applied directly to the pipe. 
This paper reports on the operating principle and perfor
mance of the device. 

U. STRUCTURE AND OPERATING PRINCIPLE 

Figure 1 shows the structure and circuit connection for 
the dc-CT. The pipe is made of Co-base zero magnetostric
tive amorphous tape with a width of 20.8-21.8 mm and a 
thickness of 21-27 p.m. Copper tape with a thickness of 30 
pm is placed on each edge ofthe amorphous tape and wound 
together in order to form electric contacts. The de line is 
placed on the axis of the pipe, A high-frequency current i is 
fed directly to the pipe along the axial direction by a sinusoi-

DC 
line 

FIG,!. Structure and circuit connection for the dc-CT. 

dal power source e". V cliff is the output voltage which is easi
ly obtained by passing one of the lead lines for the terminal 
voltage through the inside of the pipe. Vell?f represents the 
difference between the terminal voltage Vd and induced vol
tage V, in a one-turn coil, as explained in Fig. 2; 

VdHf = Vd - Vs. (1) 

Figure 2(a) explains the operation of the device when 
the dc current lei is zero. The tape-wound structure of the 
pipe is approximated by the bulk structure having the same 
length and cross-sectional area. 3 The current density on the 
inner surface is almost zero because of the skin effect. If the 
end effect of the ac current is neglected and if the radial 
component of the ac current is very small, the terminal vol
tage Vel of the pipe becomes independent of the distance r 
from the axis of the pipe2

,3: 

FIG. 2. Explanation of the operating principle: (a) dc current equals zero; 
(b) dc current is large enough to saturate the flux. 
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FIG. 3. Frequency dependence of operating characteristics. 

. (. . d<i>(r)) 
Vd = I P J(r) -t--- , 

dt J 

20 

(2) 

where lis the length ofthe pipe,p is the resistivity, and 4(r) 
is the interlinkage flux with the supposed cylinder of radius r 
and of unit length. ~(r) exists outside the supposed cylin
der. JCr) is the current density on the supposed cylinder. 
Equation (2) represents the balance between current density 
and flux. 

Let the inner radius and outer radius of the pipe be c and 
d, respectively. When the de current is not applied, Eq. (2) 
becomes as follows on the inner surface: 

V = I d~o 
d dt ' 

(3) 

where <Po is the sum of the flux in the pipe. Since the induced 
voltage V, in a one-turn coil is identical to Eq. (3), the vol
tage difference V dittO becomes zero. 

When the dc current is large enough to saturate the flux, 
the ac current distributes uniformly in the pipe owing to the 
decrease of permeability as shown in Fig. 2 (b). In this case, 
the induced voltage V, becomes zero while the terminal vol
tage Vd is proportional to the dc resistance of the pipe. Then 

the voltage difference V difr is 

FIG. 4. Influence of drive frequency on ac current distribution. 
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FIG. 5. Relation between output and number of wraps of the amorphous 
tape. 

Vditf = lpJ(d) = (/pIS)i, (4) 

where S is the cross-sectional area of the pipe. 
From the above considerations, the voltage difference 

V ddl' can be utilized as the output for dc-CT since the voltage 
increases with the increase of the de current. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 3 shows relations between dc current Id and out
put voltage V ditf obtained for a pipe with 12 wraps of amor
phous tape. The waveform for V diff was almost sinusoidal. 5 

The linear relation between Id and Vditr is obtained up to 
ld = 6 A for 200 kHz. When the dc current is zero, the out
put voltage decreases with the increase of drive frequency 
and then reaches a minimum at 200 kHz. Therefore, the 
appropriate drive frequency fa for this pipe is 200 kHz. 

Figure 4 illustrates the ac current distribution models in 
the pipe. When the drive frequency equals fa, the current 
density J( c) on the inner surface increases with the increase 
of de current from a very low level, as shown in Figs. 4 (c), 
4(d), and 4(g). 

In case the drive frequency is lower than fa , the ac cur
rent flows through the inner surface regardless of the dc cur
rent as shown in Figs. 4(a), 4(b), and 4(g). Accordingly, 
the terminal voltage Vd differs from an induced voltage Vs at 
any amplitude for de current as seen from Eq. (2). 

12 
c,. 

OAe Meas. 10 1=0.6A \ 
\ 

'\ Cal. ,...., 
B '\ 

:> '\ E ...... A.. '\ 
E 6 0.4,11 " \ 
:> , 

" b, 
4 '\ '\ ... , .. '\ , .......... ..... 

O.2A ..... .... ....." '"'0 
2 ...... - - '---a 

-~-. 

0 5 10 15 
Number of wraps 

FIG. 6. Calculation of the maximum output voltage. 
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FIG. 7. Relation between the diameter ofthe pipe and the output voltage. 

When the drive frequency is higher than fa' the skin 
depth is reduced as compared with that when! = fa. There
fore, the current density J(e) on the inner surface remains 
zero although the de current is increased to a certain value as 
explained in Figs. 4(e), 4(0, and 4(g). 

In the case of another pipe with a different number of 
wraps, the appropriate frequency increases with the reduc
tion of the wraps, as shown in Fig. 5. This is because a thin
ner skin depth is required for a thinner pipe. In Fig. 5 the 
maximum output voltage increases with a decrease in the 
number of wraps of the amorphous tape. 

Figure 6 shows a comparison of the measured maximum 
output voltage Vm with the ones calculated by Eq. (4). The 
calculated values explain wen the measured results, There
fore, it is seen that the maximum output voltage is propor
tional to the product of the de resistance of the pipe and 
amplitude of the ac current. 

IV. OPERATING PERFORMANCE 

The above discussion indicates that the measurable dc 
current is limited by flux saturation in the pipe and that the 
ratio of the output voltage to de current is concerned with 
the ratio offield strength to dc current in the pipe. Therefore, 
the diameter of the pipe effects the performance of the de
vice. 

Figure 7 shows the influence of the diameter on the out
put voltage. Each pipe is 21. g mm in length with eight wraps 
of amorphous tape. The pipes are driven with appropriate 
frequencies. We defined the gain m and the maximum ampli
tude I In for measurable de current as inserted in Fig. 8. 
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FIG. 8. Comparison of gain and maximum range of measurable de current 
against the diameter of ,he pipe. 

Readout values of the gain m and the maximum ampli
tude 1m of measurable dc current are summarized in Fig. 8. 
With the reduction of diameter, the gain increases while the 
maximum amplitude for measurable dc current is almost 
independent of the diameter. Therefore, we can obtain a 
small dc-CT having a good performance without winding. 

V. CONCLUSION 

A new concept for dc-CT proposed here utilizes the 
change of ac current distribution against de current in an 
amorphous tape-wound pipe. This device outputs the differ
ence between the terminal voltage of the pipe and induced 
voltage in a one-turn coil. Such a voltage difference can be 
easily obtained by passing one of the lead lines for the termi
nal voltage through the inside of the pipe. This device has no 
winding. The ac current does not affect the de line because of 
its axis symmetry. 

The linear relation between output and de current is 
obtained when the appropriate ac drive frequency is select
ed. From these results, it clarified that the magnetic pipe is 
applicable for a dc-CT with a small size. 
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