
International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org 

Volume 5, Issue 11, November  2016              ISSN 2319 - 4847 
 

Volume 5, Issue 11, November  2016                                                                                     Page 17 

Abstract 
In this article, we have considered the questions of measuring small DC currents without breaking the circuit with use of  
magnetic-modulation  converter (MMC). The aim of this study is to create a technological design of integrating circuit.  The 
circuit should have non-branched magnetic conductor and single coil circuit. This will let us create a compact and precise 
lectric-pliers for small DC currents measurement. A new way of MMC implementation is proposed, for the analysis of which 
the basic magnetization curve of the magnetic conductor is used.  As a material of magnetic conductor, electro-magnetic steel 
of series 1511, 0,35 mm thick, and series 3414, 0,5 mm thick are considered. The frequency of the modulating current is 
selected to be 50 Hz. MMC working model is created in Mathcad environment. As an informative parameter of MMC, 
inequality of time intervals between the extremes of the coils voltage is used. Under the influence of the measured DC current, 
in sections where coil voltage is growing the range between its extremes is reducing, and in voltage descending sections – 
increasing. The difference between these intervals is a measure for the measured current. The graphs of MMC conversion 
functions for two values of the modulating current are created and found that it is almost linear. The higher  is sensitivity of 
MMC, the greater is the degree of non-linearity of the magnetization curve of the magnetic conductor material. Scheme for 
Contactless measuring the DC circuit, which uses the described method implementation of MMC is presented. Also the 
possibility of implementing a negative feedback by applying together DC output current of device and modulating current  to 
the coil of MMC. In this case, the coil of MMP also functions as the compensation coil, the DC component of which 
compensates the influance of measured DC current on magnetic conductor and the measurement is carried out by zero method. 
 
Keywords:  magnetic-modulation  converter,  magnetic conductor, coil, induction, intensity, the magnetization curve, 
non-linearity 
 
1.INTRODUCTION  
Non-contact measurement of small DC currents is one of the most important problems of modern electric-measurement 
engineering. First of all, the urgency of this problem explained, by the rapid development of consumer and automotive 
electrical equipments and ever-increasing "electronical power" of modern cars. In connection with this portable, 
(handheld) contactless DC current measuring devices with split magnetic conductor (DC Clamp Meter - DCCM) are in 
increasingly growing demand by population and different services.  

 
2.MATERIALS AND METHODS 
All DCCMs are based on the use of a magnetic field generated by the measured current and are most often constructed 
on the principle of measuring the magnetic induction of the field [1]. Here we consider the possibility of creating 
magnetic-modulation DCCM with closed non-branched magnetic conductor and single coil circuitand distributed on it, 
which serves as both the excitation and measurement and in case of the feedback - as compensation coil. 
The work of magnetic-modulation DCCM is based on the nonlinearity of characteristics of magnetization  B f H  
of magnetic conductor [2,3]. While Considering the processes in the magnetic conductor, we can neglect the hysteresis 
phenomenon and consider only the non-linearity of the unambiguous magnetization curve of the magnetic conductor. 
As rightly pointed out in [4], the hysteresis must be considered only in studies of chains, the actions of which is based 
on this phenomenon (for example, when considering the operation of the magnetic storage devices with a rectangular 
hysteresis loop). Note that in all operating conditions the amplitude of the excitation current ( )i t  must be below (with a 
margin for a possible value 0I ) the value at which magnetic saturation of magnetic conductor occurs. 
With the sinusoidal voltage of excitation on coil ( sinmu U t  ), the current  i t , and also  H t  in it are non-
sinusoidal, i.e. it contains the highest harmonics (Fig. 1). In the absence of DC bias 0 0B    (measured  DC current 0I  
is missing) in the curve , and consequently in  i t  only the odd harmonicsis present (third and etc.) (fig. 1a). This is 
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determined by the total symmetry of the two half-waves  H t  relative to the axis of time. If you have a permanent bias 

(fig. 1b), the half-wave  H t  are asymmetrical and they contain even harmonics (as in the half-cycle of the 
fundamental harmonic fits an even number of periods of the even harmonics and odd number of odd harmonics, so 
when the highest  harmonics applied to the fundamental harmonics asymmetrical half-waves can only take place due to 
even harmonics). 
Since in chain of excitation coils there is no permanent source of EMF and rectifiers, the current  i t  contains no DC 
component, so its average value for the period is equal to zero [4.5]. In this case, the peak values of the positive and 
negative  i t  current half-waves  are unequal, which is another characteristic feature of asymmetry in the  i t  current 
half-waves . 
Accordingly, two primary method of evaluation of the measured DC are being used. 
 
1. Measurement of the doubled frequency of the output voltage amplitude by filtering other frequencies or by measuring 
the difference between voltages of two coils connected oppositely. In this case, all odd harmonics cancel each other, and 
in the rest of singnal the second harmonic dominates. This method is widely used in magnetometers (even-harmonic 
ferroprobes [2.3]), but when applied to DCCM, it has significant drawbacks that limit its use: magnetic conductor has 
to perform branched, the number of windings increases (at least - two windings), the inclusion of counter-windings 
does not exclude the influence zero imbalance due to inability to perform absolutely identical magnetic and electrical 
parameters of these coils. 
 
2. Measurement of the difference in peak values of the positive and negative half-waves of the output voltage [6]. This 
method allows to exclude the zero unbalance without complicating the DCCM structure, so it is more promising, 
especially in the current conditions of development of integrated circuits for the purpose of information and 
measurement technology. 

 

 
However, there is a third way, the essence of which is illustrated by fig. 2, which shows the curves for the magnetic 
conductor MMC in given tension mode, when the excitation current sinmi I t   and the mathematical expression of 
the total current law for the average magnetic lines of the magnetic conductor is 
 

0 0sin ,mHl iw I wI t I     
where w  - number of windings with excitation current  i t . 
Neglecting for the smallness of the active coil resistance, it can be assumed that all drive voltage applied to the coil is 
balanced by the electromotive force of self-induction coil: 
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Figure 1. The curves of magnetic induction and tension:  
a - without DC bias; b – with DC bias 
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where S  - the cross-sectional area of the magnetic conductor. 
 u t  curve analysis shows that (fig. 2), because of even harmonics appearance in  B t  curve the equal time intervals 

between the extremes of the coil voltage are violated: for  u t  growth sections the interval between them 1  decreases, 

and in   u t  descending sections the interval 2  increases, and their difference 2 1      is a measure of the 
measured current 0I . 
 
In order to analyze the possibilities of using this phenomenon in DCCM the specified feature of  MMC is simulated in 
Mathcad for the two grades of electrical steels for magnetic conductor: hot-rolled steel 1511, 0.35 mm thick sheet, and 
cold rolled steel 3414, 0,5 mm thick sheet; a ring-shaped magnetic conductor, with length of 0,2l  m, and with cross-
sectional area of 680 10S   m2, the number of winding 2000w  . The frequency of modulation current was chosen to  

50f  Hz. 
 
For the simulation of processes in the MMC, it is necessary to have a mathematical model of the basic magnetization 
curve of selected steels. For this purpose the reference data of experimentally obtained actual magnetization curves of 
these steels have been used [7,8]. Values of interpolation points of these curves are shown in table. 1 and 2. 
 
 

 
 

 
Table 1: The values of the interpolation points of the actual magnetization curve 

for steel 1511, 0.35 mm thick sheet, at a frequency of 50 Hz 
i 1 2 3 4 5 6 7 8 9 10 11 12 13 

H, A/m 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 
B, Т 0,1 0,3 0,48 0,6 0,7 0,78 0,84 0,88 0,91 0,93 0,95 0,96 0,97 
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Figure 2. The graphs explaining the operation of  magnetic-modulation 
converter 
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Table 2: The values of the interpolation points of the actual magnetization curve 

for steel 3414, 0.5 mm thick sheet, at a frequency of 50 Hz 

 
 
The data in tables 1 and 2 are used to approximate the magnetization curves. At the same time the most widely used 
analytical expressions have been analyzed to describe the basic magnetization curve [9,10]. The analysis found that to 
approximate the average of the magnetization curve of used steels in the study section (to a practical saturation) the 
highest accuracy is provided with use of polynomial of the seventh degree 
 

3 5 7
1 2 3 4B a H a H a H a H    .      (1) 

 
Since power polynomial approximation (1) is odd, it can be used to analyze the phenomena occurring in the magnetic 
conductor from both AC and DC current. Approximation coefficients were determined by the least squares method 
using the values of the selected points table. 1 and 2 by solving the following systems of equations 

2 4 6 8
1 2 3 4

1 1 1 1 1

n n n n n

i i i i i i
i i i i i

a H a H a H a H B H
    

        ,  

4 6 8 10 3
1 2 3 4

1 1 1 1 1

n n n n n

i i i i i i
i i i i i

a H a H a H a H B H
    

        , 

6 8 10 12 5
1 2 3 4

1 1 1 1 1

n n n n n

i i i i i i
i i i i i

a H a H a H a H B H
    

        , 

8 10 12 14 7
1 2 3 4

1 1 1 1 1

n n n n n

i i i i i i
i i i i i

a H a H a H a H B H
    

        . 

The obtained values of approximation coefficients are shown in table. 3. 
 

Table 3: The values of the approximation coefficients of basic magnetization curve 
 Steel 1511, with sheet 

thickness of 0,35 mm 
Steel 3414, with sheet 
thickness of  0,5 mm 

1a ,  Т/(A/m) 8,149679283218290*10-4 0,013352882935969 

2a ,  Т/(A/m)3 -1,350511329525352*10-10 -1,673987939500769*10-7 

3a ,  Т/(A/m)5 1,432581793121357*10-17 1,022716236925716*10-12 

4a ,  Т/(A/m)7 5,922124025780159*10-25 -2,120390791754300*10-18 
 
In order to assess the quality of approximation the real and calculated magnetization curves of steels are built on 
interested areas (fig. 3.4). In this case for steel 1511 section 0...2600H   A/m  ( 0...0,97B  T), is used and for steel 
3414 - a narrower portion  0...200H  A/m ( 0...1,52B  T), because this steel is saturated at much lower intensities. 
Comparison of the curves shows that for steel 1511 the discrepancy of real and calculated curves takes place only in the 
initial section. For steel 3414 the calculated curve to the top of the bend is somewhat lower, and for the bend - slightly 
above the actual magnetization curve. However, for both steels approximation by the formula (1) provides quite high 
accuracy and minor discrepancies in real and calculated curves can not have a significant impact on the results of 
simulation processes in the MMC. 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org 

Volume 5, Issue 11, November  2016              ISSN 2319 - 4847 
 

Volume 5, Issue 11, November  2016                                                                                     Page 21 

 
 
By using the calculated curves  B f H , the dependencies    B t f H t     have been calculated and built, where  

     1 0 0sin 2mH t H t H wI ft I l      , at two different values mI and at different values of DC current (in the 

range of 0 0...60I  A) for steel 1511 in range of  A and for steel  3414 in range of  0 0...20I  A. Also calculated and 

built temporary dependencies of EMF coil      dB t
e t u t wS

dt
      and its differential    de t

e t
dt

  . Fig. 5 shows 

characteristic appear  of curves at 0 0I   and 0 15I   A for steel 3414 , where the following abbreviations are used: 
x t , s;     F x B t , T;     1F x e t , V;     2F x e t , V/s. 
 

 
Figure 4. The magnetization curve for steel 3414, 0.5 mm thick 

sheet:  

Figure 3. The magnetization curve for steel 1511, 0.35 mm thick sheet:  
1 - real; 2 - design 
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It is obvious that under the influence of 0I  current the equality of time intervals between the extremes of the EMF 

 e t is disturbed: in the areas of  e t growth the range 2  between its extremes is increasing, and in areas of  e t  

recession interval 1  between them increases. As a result, for curve  e t  the length of the positive half-waves 

increases and the negative is reduced. Since the voltage on coil of MMC    u t e t  , we conclude that, with respect 
to the voltage difference between the coil 2 1     , specified duration is an informative parameter of MMC and is a 
measure of the measured current 0I  
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Figure 5. The curves of the magnetic induction, EMF coil and its 
differential for steel 3414:  a) when 0 0I  ; b) when 0 15I  A 
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3.RESULTS AND DISCUSSION  
Table. 4 shows the results of calculations of   based on the value of the measured current 0I , and fig. 6 and 7 are 
graphs of MMP conversion feature  2 1 0F I       at two different amplitute values fo modulation current . 

 
Table 4: Calculated values of the coordinates of the selected point of 

conversion characteristics  0F I   ММП: 

0,2l   m, 680 10S    m2,  2000w  , 50f   Hz 

0I , А  , ms 
Steel 1511, 0,35 mm thick Steel 3414, 0,5 mm thick 

0,05mI  А 0,1mI  А 0,005mI  А 0,01mI  А 
0 0 0 0 0 

2,5 - - 0,504 0,684 
5 0,128 0,158 1,010 1,364 

7,5 - - 1,520 2,036 
10 0,252 0,311 2,032 2,704 

12,5 - - 2,556 3,364 
15 0,380 0,475 3,084 4,012 

17,5 - - 3,628 4,643 
20 0,508 0,634 4,184 5,271 
25 0,632 0,793 - - 
30 0,760 0,950 - - 
35 0,888 1,107 - - 
40 1,012 1,266 - - 
45 1,140 1,423 - - 
50 1,264 1,580 - - 
55 1,392 1,731 - - 
60 1,516 1,922 - - 

 
 

 
 

Figure 6. The graph of conversion of MMC for 
magnetic conductor with steel 1511:  

1 - 0 05mI , A; 2 - 0 1mI ,  A 
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Figure 7. The graph of conversion of MMC for 
magnetic conductor with steel 3414:  
1 - 0 005mI , A; 2 - 0 01mI ,  A 
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It is obvious that the conversion function in the specified range of the measured current is essentially linear. The 
sensitivity of the MMC in case of magnetic steel 3414 is about an order of magnitude higher than in case of magnetic 
steel 1511, which is caused by increased level of non-linearity of the magnetization curve of steel 3414. Consequently, 
with the appropriate choice of material and magnetic parameters, you can create a portable (pocket) contactless 
measuring devices for small DC currents. 

 
4.CONCLUSIONS  
The simplest implementation of contactless measuring devices using the described MMC can be carried out according 
to the scheme of fig. 8, in which 1-MMC; 2 - a source of sinusoidal AC power; 3 - current-limiting device; 4 -  voltage 
differentiator; 5 - zero voltage level comparator, 6 - DC millivoltmeter; 7 – conductor with measured DC current, 8 – 
magnetic conductor MMC; 9- the excitation coil of MMC, which also serves as a measuring coil. 
The MMC coil is powered by current source, which creates a given mode sinusoidal voltage in magnetic conductor. 
Voltage  u t of coil is input to a differentiator, the output  u t  of which is input to the voltage of zero level 

comparator. As a result, the duration of the positive and negative rectangular voltage pulses  2u t  at the output of the 
comparator are unequal to each other (fig. 2). Measurement of the lengths of these pulses can be performed with high 
precision by digital method. In the simplest case, DC millivoltmeter, may serve as an indicator, which shows the 
average voltage value of  2u t : it is directly proportional to the difference of 2 1      and provides a measure for 
current 0I . 

 
 
Note that in the above device by changing the direction of the current 0I  the voltage on the  input of millivoltmeter 
changes its polarity, hence the direction of the measured unknown current will be defined. It is possible to realize 
negative feedback by applying a DC output current of the device to the excitation coil of MMC together with 
modulating current. In this case, the coil of MMC will also act as compensation coil, in which the constant component 
of the current balances the action of the measured DC current, the measurement of which will be carried out by zero 
method. An implementation of the balancing method is shown in fig. 9, where 1 - a sinusoidal voltage generator; 2 – 
voltage-controlled current source; 3 - current-limiting resistor; 4 - voltage differentiator; 5 - zero voltage comparator; 6 
- the voltage integrator; 7 - the MMC; 8 and 9 – magnetic conductor and coil of MMC; 10 – DC millivoltmeter; 11 - 
conductor with the measured current. 
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Figure 9. Block diagram of a non-contact DC  current 
measuring device with zero method 

Figure 8. A simplified block diagram of a 
magnetic-modulation current-measuring device 
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There pulse integrator 6 converts the  2u t  output voltage of  the comparator 5 to constant voltage equal to the average 

value of voltage  2u t . This voltage is supplied to the power supply input 2, the coil of MMC 9 together with the 
modulating sinusoidal current appears also the DC component. which acts on the magnetic conductor and compensates 
measured current 0I ,  magnetic conductor MMC returns back to the lack of a permanent regime of bias. The output 
value of the device is a millivoltmeter 10, the scale of which can calibrate the measured current 0I  in the units. In this 
case, 0I  current measurement accuracy is increased, since the errors of units of direct channel conversion do not affect 
the measurement result. 
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