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1Abstract—The presence of a low DC voltage in a power grid
produces an excitation asymmetry for the distribution
transformers, resulting in unwanted half-cycle saturation that
may impair transformer safety, reliability and efficiency,
especially in increasing the reactive power, stray losses and
iron losses. This paper highlights a diagnostic method based on
the phase value of the particular even harmonics of a
transformer excitation current as the basic marker of an
excitation asymmetry. In order to achieve a straightforward
insight into the nature of even harmonics behaviour, a novel
method of decomposition an excitation current waveform into
its unhysteretic (pure magnetization) and hysteretic
components has been included in the harmonic analysis.

Index Terms—Decomposition; DC bias; harmonic analysis;
hysteresis; magnetization; phase measurement; power
transformer; transformer core.

I. INTRODUCTION

It is well known that the waveform of the transformer or
reactor AC excitation current gives essential information
concerning magnetic flux density B, magnetic strength field
H or power losses of the related magnetic core. For the
sinusoidal magnetic flux case, as it has been reported in [1],
the waveform of the transformer or Epstein frame AC
excitation current describes the related magnetic core
behavior exactly in the same way as the corresponding
hysteresis loop curve does. But, the present interest of the
great importance to the researchers is to discover what
reliable information, in diagnostic sense, could be extracted
from the AC excitation current waveform in the presence of
DC current bias.

Several well-known phenomena can cause the arising of
DC current bias. The most common ones are the widespread
use of the grid-connected static power converters [2], [3],
the influence of the high-voltage DC transmission [4] and
the geomagnetically induced current (GIC) [5], [6]. In such
circumstances, when the mutual influence between DC and
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AC flux exists, there is a coexistence of odd and even
harmonics in AC excitation current. This coexistence is
present in the transformer inrush current as well, as it has
been reported in [7].

Among even harmonics of an AC excitation current in a
steady state with DC bias, the second order harmonic
exhibits some unique properties – an almost constant phase
shift relative to the fundamental component and the phase
jump of  as the DC bias changes the sign [8]–[10].

Furthermore, the harmonic analysis of AC excitation
current waveform, based on a very accurate sampling
system, indices similar behaviour for the forth, sixth and
eighth harmonics as well [11].

This paper aims to examine experimentally the robustness
of the above-mentioned property in the real environment
with a considerable presence of the noise. In addition, the
paper presents a new approach to decomposition the AC
excitation current waveform into its hysteretic and
unhysteretic (pure magnetization) components.

II. ASYMMETRIC EXCITATION AND HYSTERESIS B-H LOOP

The non-sinusoidal waveform of the transformer AC
excitation current in a steady state is the consequence of the
nonlinear magnetic characteristics of the transformer core
and the core losses. With the supplied voltage free of any
DC component, even though the voltage waveform is not
perfectly sinusoidal, a hysteresis loop of the transformer
core is symmetrical to the B-H coordinate system origin.
This fact implies the existence of the odd harmonics of an
AC excitation current waveform exclusively.

The appearance of a DC component of the external
magnetic field H will result in a certain distortion and shift
of the existing B-H hysteresis loop toward the first or the third
quadrants of the B-H coordinate system, in dependence of
the positive or negative DC bias sign, as it is represented in
Fig. 1. This will cause an arising of the even harmonics in
the AC excitation current waveform structure.

A similar situation with an appearance of such
asymmetric hysteresis loop is present in the coil of the
permanent magnet motor, where permanent rotor magnet
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plays the role of the DC source. The results of a direct
influence of the external magnetic field to the target coil
have been reported in [8].

Fig. 1. Influence of an external magnetic field DC component on the
hysteresis B-H loop shape.

Experimentally, such effect could be generated in several
ways. This paper proposes a method that provides precise
control of DC bias offset through the injection of DC current
on the secondary side.

III. DESCRIPTION OF EXPERIMENTAL MEASUREMENT SETUP

For an emulation of the effect that represents a real
excitation asymmetry of the transformer primary side, the
experimental toroidal transformer is designed with a large
number of primary turns (1072), along with a low number of
secondary turns (20).

With such transformer, when a DC current is forced
through the secondary coil, an additional DC magnetic field
is injected in the transformer core. This approach eliminates
the need for a direct superposition of large AC and low DC
voltage sources, it preserves isolation between primary and
secondary circuits and finally, DC current that is injected
through the secondary side has to be in mA range in contrast
with primary range of microamperes, which is more critical
for the maintenance.

If the B-H loop is shifted as described above, regular AC
voltage excitation will produce an AC excitation current
with a corresponding DC offset. For the system level analysis
it is much easier to keep regular AC voltage excitation on
the primary side with the DC current excitation placed on
the secondary side. Such separation provides simple,
decoupled injection of the DC component in the AC
excitation current, which could be easily prepared and
verified in the laboratory. The waveform of the primary AC
excitation current remains the same, no matter which
approach is applied.

TABLE I. TRANSFORMER PARAMETERS.

Primary coil Secondary
coil

Number of turns 1072 20
Nominal voltage true RMS [V] 100.00 1.86

Core cross-section [mm2] 280
Magnetic path length [mm] 144

Core material M 4
Magnetizing current true RMS [mA] 4.48

Nominal apparent power [VA] 30

The described setup is used as a controlled source of

additional DC magnetic field in the transformer core. The
related data of the experimental toroidal transformer are listed
in Table I.

The experimental circuit schematic is illustrated in Fig. 2.

Fig. 2. Experimental schematic.

Relevant details about schematic components are listed in
Table II.

TABLE II. SCHEMATIC DETAILS.
Component Nominal value Description

VAC 100V AC Primary AC source
V1 Voltmeter Oscilloscope voltage probe
A1 mA meter Oscilloscope current probe
T Transformer TABLE I
L2 0.808 H, 18R6 Decoupling choke
A2 mA meter Stand alone Ampermeter
R1 50 R Additional resistance

VDC 0 V to 20 V Adjustable DC source

Fig. 3. Experimental setup.

As a measuring unit, the Tektronix TDS3054B (5 Gs/s,
4 channel) digital oscilloscope was used with the Tektronix
TCP202 current probe, along with a hand-held universal
instrument on 200 mA DC current range. The complete
experimental setup bench is represented in Fig. 3.

IV. EXPERIMENTAL RESULTS ANALYSIS

For a succesful decomposition of an AC excitation
current waveform to its unhysteretic (pure magnetization) and
hysteretic components, the sampling process was performed
with respect to zero crossing of the primary supply voltage
at the instants when the voltage passes from negative to
positive values, as it is represented in Fig. 4. Strictly, zero
crossing should be synchronized to the secondary induced
voltage, but, the voltage drop produced by AC excitation
current in primary winding is negligible and therefore the
assumption that both primary supplied and secondary induced
voltages pass zero at the same instants with phase shift of  can
be accepted as correct.

The measurements were performed for 10 equidistant
levels of DC bias to both negative and positive directions,
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and one measurement was performed without DC bias. All
the measurements were done with the rated value of the
primary AC supply voltage of 100 V, 50 Hz at a sampling
rate of 100 KHz. In Fig. 5 the five of 21 experimentally
obtained AC excitation current waveforms with DC bias of -
100 mA, -50 mA, 0 mA, 50 mA and 100 mA are
represented. During transition from negative to positive DC
bias values, at the DC bias value of 0 mA, no
demagnetization process of the transformer was performed,
giving as a consequence smaller positive peak values toward
the negative ones. This approach emulates a real situation in
an AC grid, where a potential change of DC bias direction is
not followed by any demagnetization process of the
observed transformer at all.

Fig. 4. Oscilloscope screenshot with the marked instant when voltage rise
crosses zero.

Fig. 5. AC excitation current waveforms with and without DC offsets.

The analysis was performed by using DFT over the
sample sets of 2000 raw (non-filtered) samples. The
amplitudes of harmonics of a higher order (above 20) were
at the noise level, and therefore were rejected as less
significant.

A very good linearity of harmonic amplitudes toward DC
offset bias exists for the second order harmonic, as it is
represented in Fig. 6. This linearity firmly correlates with
the constant phase values, as it is represented in Fig. 7.

The same holds true for the 4-th order harmonic (Fig. 8).
But, for the 6-th order harmonic, there is certain disturbance
of the constant phase value (Fig. 9), and for the 8-th order
harmonic this disturbance becomes pretty strong (Fig. 10).

Fig. 6. Behaviour of the second order AC excitation current waveform
harmonic and its cosine and sine components with respect to DC bias
offsets.

Fig. 7. Behaviour of the phase shift of the second order AC excitation
current waveform harmonic with respect to DC bias offsets.

Fig. 8. Behaviour of the phase shift of the 4-th order AC excitation current
waveform harmonic with respect to DC bias offsets.

Fig. 9. Behaviour of the phase shift of the 6-th order AC excitation current
waveform harmonic with respect to DC bias offsets.

For getting a straightforward insight concerning the
behavior of the even AC excitation current waveforms
harmonics, it is useful to include in the process of DFT
analysis the next suitable decomposition of the AC
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excitation current waveform ACexci to its unhysteretic (pure
magnetization) unhysti and hysteretic hysti components, as it

is represented in Fig. 11.

Fig. 10. Behaviour of the phase shift of the 8-th order AC excitation
current waveform harmonic with respect to DC bias offsets.

Fig. 11. Decomposition of AC excitation current iACexc waveform to its
unhysteretic (pure magnetizing) iunhyst and hysteretic ihyst components.

This decomposition is performed by using the next
definition expressions:

      0.5 ,unhyst ACexc ACexci t i t i T t    (1)

where  0,t T , and

      0.5 ,hyst ACexc ACexci t i t i T t    (2)

where  0, / 2t T .

      0.5 ,hyst ACexc ACexci t i t i T t     (3)

where  / 2,t T T that gives

      ,ACexc unhyst hysti t i t i t  (4)

where  0,t T with t =0 denoting the zero crossing instant,
whereas t = T denotes the one AC excitation current period
T = 20 ms after the zero crossing instant t = 0. This
decomposition of AC excitation current waveform is
effectively used for the analysis of symmetric hysteresis
loop curves, as it has been reported in [12].

The hysteretic AC excitation current component defined
above has the phase shift zero relative to the primary supply

voltage and reaches zero values at the primary supply
voltage zero crossing instants

     0 2 0.hyst hyst hysti i T i T   (5)

Therefore, the hysteretic AC excitation current
component does not contribute to AC excitation current
peak values at all, and the next relation holds true:

(0) (0) ( ) ( ),ACexc unhyst unhyst ACexci i i T i T   (6)

( / 2) ( / 2),ACexc unhysti T i T (7)

as it is represented in Fig. 11.
Furthermore, on the basis of the definition expressions

(2),(3), DFT of the hysteretic AC excitation current
component gives as a result the sine coefficients only and
these are identical to the corresponding sine coefficients of
the AC excitation current waveform, denoted as Bk.
Similarly, on the basis of the definition expression (1), DFT
of the unhysteretic AC excitation current component gives
as a result the cosine coefficients only that are identical to
the corresponding cosine coefficients of the AC excitation
current waveform, denoted as Ak.

Fig. 12. Behaviour of the second, 4-th, 6-th and 8-th order harmonics of the
unhysteretic (pure magnetizing) AC excitation current component with
respect to DC bias offsets.

Therefore, the behavior of the even harmonics (A2k) of the
unhysteretic AC excitation current component only (pure
magnetization current) can be observed, as it is represented
in Fig. 12.

Evidently, for the unhysteretic (pure magnetizing) AC
excitation current component, the firm linearity of its even
harmonics remains preserved in spite of the high level of the
noise presence.

Finally, DFT of separated hysteretic AC excitation
current component exhibits interesting results concerning its
even harmonics (B2k) behaviour, as it is represented in
Fig. 13.

Figure 13 presents, along with the even order harmonics,
the corresponding trend-lines as the graphs of their 6-th
degree approximation polynomials obtained by the least
squares criterion. Undoubtedly, these harmonics do not
exhibit a linear dependence relative to DC bias offset and
this absence of linear dependence is not a consequence of
the high presence of the noise. This nonlinearity is less
present at the second and 4-th harmonics, but for 6-th, 8-th,
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and higher, it could not be ignored.

Fig. 13. Behaviour of the second, 4-th, 6-th and 8-th order harmonics of the
hysteretic AC excitation current component with respect to DC bias offsets.

There is one more important result of the above proposed
AC excitation current decomposition. Based on (6), (7) and
since DFT of the unhysteretic AC excitation current
component gives the cosine coefficients (Ak) only, the
following expressions are true for the AC excitation current
peak values:

2 2 1
0 1

(0) ( ) ,
n n

ACexc ACexc k k
k k

i i T A A 
 

    (8)

2 2 1
0 1

( / 2) ,
n n

ACexc k k
k k

i T A A 
 

   (9)

with n denoting a half of an overall number of the
considered harmonics. Also, for obtaining the peak to peak
value, based on (6)–(9) the next expression holds true

2 1
1

( / 2) (0)

( / 2) ( ) 2 ,

ACexc ACexc
n

ACexc ACexc k
k

i T i

i T i T A 


 

     (10)

whereas for obtaining the peak difference value (the
difference of positive peak value and the absolute value of
negative peak value) states the next expression:

( / 2) (0)

( / 2) ( ) ,
ACexc ACexc

ACexc ACexc

i T i

i T i T

 

  (11)

2
0

( / 2) (0) 2 .
n

ACexc ACexc k
k

i T i A


    (12)

Table III shows the peak difference values and the peak to
peak values of AC excitation current obtained by using
expressions (11), (12) and (10) for all DC biases. In
addition, Table III contains the measured true RMS AC
excitation current values as a validity check toward the true
RMS AC excitation current values obtained from the
harmonics on the basis of the next expression

2 2 2
0

1 1
0.5 0.5 .

n n
ACexc k k

k k
I A A B

 
      (13)

All computations based on (10)–(13) were performed for
the first 20 harmonics, along with the harmonic of zero
order.

For the purpose of noise level evaluation, additional
measurement is performed on the same setup without
magnetizing current, i.e. primary AC voltage source
switched off and bias DC current circuit disconnected. Such
experiment produced measured current noise true RMS
value of 767 µA, which if compared with AC current levels
related to maximal and minimal DC offsets gives SNR in
range from 15 dB to 20 dB respectively.

TABLE III. INJECTED SECONDARY DC BIAS CURRENT AND
RELATED AC EXCITATION CURRENT DATA.

DC
offset
[mA]

AC excitation
current true RMS

from ammeter
[mA]

AC excitation
current true RMS
from harmonics

[mA]

Peak
difference
from (8)

[mA]

Peak to
peak from
(7) [mA]

-100 7.96 7.90 -23.27 32.76
-90 7.22 7.17 -19.38 29.19
-80 6.86 6.83 -18.07 27.34
-70 6.48 6.44 -15.79 25.64
-60 5.95 5.94 -13.08 22.53
-50 5.68 5.69 -11.40 21.20
-40 5.31 5.25 -9.30 18.86
-30 5.07 5.02 -7.20 17.65
-20 4.93 4.93 -6.52 16.78
-10 4.71 4.67 -4.42 15.77
0 4.48 4.45 -1.66 15.53

10 4.57 4.52 -1.06 14.98
20 4.65 4.63 1.24 15.28
30 4.84 4.85 2.10 16.17
40 5.06 5.06 2.50 17.45
50 5.25 5.23 3.34 19.28
60 5.66 5.67 5.08 21.71
70 5.92 5.93 7.14 22.61
80 6.22 6.14 8.31 24.10
90 6.65 6.68 11.16 26.55

100 7.05 7.08 12.88 28.88

V. CONCLUSIONS

The experimental setup for a simple and precise control
(injection and the measurement) of the primary current DC
component has been presented and analysed in detail.

The main contribution of the presented work is the
decomposition and interpretation of the AC excitation
current through its hysteretic and unhysteretic components.
The natural result of such decomposition is that only even
harmonics of unhysteretic components provide all the
information regarding the DC bias of the transformer. The
DC bias level is directly mapped to the amplitudes of the
second, fourth and following even harmonics, while the
polarity of the DC bias is directly mapped to the even
harmonic phases. It has been proved that it is sufficient to
track only the second harmonic as a key pointer to the
existence, level and direction of the DC offset, i.e. the
excitation asymmetry.

As a follow-up to this research, the authors plan to work
on the generalization of the asymmetry in the coil which
should include general inductors and the coils of the
permanent magnet electric machines (motors and
generators).
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