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Abstract—This paper builds a novel coupled model which
includes the electric circuit and the magnetic circuit of the
three-phase five-legged transformer under direct current
(DC) bias. In the magnetic circuit model, the eddy-currents,
the iron core topology and the saturation characteristics of
the core material are taken into account. The magnetomotive
forces due to the eddy currents are given in the magnetic
circuit equations. Combining the electrical circuit with the
magnetic  circuit, and considering the nonlinear
characteristic curve of iron core, the nonlinear equations can
be obtained. A series of mathematics transformation is
performed and the numerical nonlinear algebraic equations
are solved. Then the experimental work of the three-phase
five-legged transformer under DC bias has been done.
Finally, the simulation results and the experiment results are
compared. They are in good agreement. Meanwhile, DC bias
problem on the three-phase five-legged transformers is
analyzed. It demonstrates that the validity of the simulation
model and the accuracy of analyzing DC bias phenomenon
of the three-phase five-legged transformer.
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l. INTRODUCTION

DC bias phenomenon is an abnormal work station of
transformers. There are two reasons which arise DC bias.
One is the monopolar ground circuit operation mode or the
bipolar asymmetrically operation mode of the HVDC
transmission system[1-2]. In this case, DC will pass by the
windings of the transformers through the earthed neutral
point. The other is Geomagnetically Induced Current (GIC)
which is caused by the interaction with the geomagnetic
field and the dynamic movement of the ionic wind[3]. The
change of the geomagnetic field produces an electric
potential gradient, which gives rise to low-frequency
induction current. It is DC because its frequency is very
low. The work point of the transformer under DC bias will
shift, and its iron core material will be saturated which
affects the normal work of the transformer seriously. This
produces lots of bad influence, for example, the distortion
of the exciting current; the heavy noise; the serious
vibration; the increase of transformer’s leakage and losses;
the local heating of metal structures; the malfunction of
relay protection devices of electric power system, et al. So
DC bias phenomenon of the transformer is concerned.
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Some simulations and experiments have been done by
a lot of researchers. The main research contents included
four aspects as follows: (1) experimental research of the
vibration, great noise, local high temperature of the
transformer[4-6]; (2) harmonics analysis of the exciting
current[7-9]; (3) measurement of  magnetization
characteristic of ferromagnetic material[10]; (4) research
of restrain measures of DC bias[11-12]. Some
achievements and progress have been obtained at above
mentioned aspects.

The eddy currents, the iron core topology and the
saturation characteristic of the three-phase five-legged
transformer under DC bias have to be considered
sufficiently. This paper builds a novel coupled model
which includes the electric circuit and the magnetic circuit
considering the above factors. The magnetomotive forces
due to the eddy currents are included in magnetic circuit
equations. Coupled these equations with the electrical
circuit equations, the nonlinear equations are obtained. The
analysis of the three-phase five-legged transformer under
DC bias can be accomplished through solving the
equations.

Il. THE COUPLED MODEL OF TRANSFORMER

A. The Model of the Electic Circuit

The equivalent electric circuit of the no-load three-
phase five-legged transformer is shown as Fig.1. Where
ug,U, and us are the three-phase AC voltages. Ry, Rop, Rse,
Ria, Rog, Rac are the resistances of the primary and
secondary windings respectively. €1a, €, €3¢, €14, €28, €3c
are the induced electromotive forces of the primary and
secondary windings respectively. iy, i,and i; are currents
of the primary windings. L, Ly and Ls. are the
equivalent leakage magnetic inductions which couple with
the primary windings. Lia, Log and Lsc are the equivalent
leakage magnetic inductions which couple with the
secondary windings. Uy is the DC voltage.

The equations can be derived as (1).

) di. dg, .
U +Uo =Ryl —Ly—b=—e, =N—1, =123 (1)

Where small letter subscripts p represents the primary side
parameters. @; is the iron core legs magnetic flux of the
transformer.
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Figure 1. Equivalent electric circuit of the three-phase five-legged
transformer under DC bias

B. The Model of the Magnetic circuit

The equivalent magnetic circuit of the three-phase
five-legged transformer is shown as Fig.2. Where F,, Fy
and F, are the magnetomotive forces produced by the
primary winding current. Ry and @, (k=1~7) are the
reluctances and magnetic fluxes of the iron core legs,
yokes and side legs. Rg and®g are the leakage reluctance
and flux. Fe (k=1~7) are the magnetomotive forces
produced by eddy currents.

In the magnetic circuit model, the eddy currents are
considered. The magnetomotive forces produced by eddy

currents are given by[13]
d¢
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Where A and | are the cross-section area and the length of
the iron core legs respectively. o is the electrical
conductivity. d is the thickness of the laminations. 7 is the
width of the laminations. G=0.1356. Hy is a parameter
with dimensions A/m representing the internal potential
experienced by domain walls in the magnetic laminations.

The nonlinear equation of the core material with the
single value curve is given by:

B =f(H)

4)

Figure 2. Equivalent magnetic circuit of the three-phase five-legged
transformer under DC bias
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The nonlinear reluctances of the magnetic circuit are
given by
| | H
R=—=—— (5)
Au AB
The magnetic circuit equations (6) can be obtained
according to Fig.2.

(R —Rets=F, +F—Fy
Ré+Rio-Ro =F,+F,-F-F,-F,
R3¢3 + R5¢5 2¢2 F + F F Fe3 - Fes
R, Ry =F +F,; - Fg (6)

< R.¢, —Rydy = F

h+d5=4¢,
b+¢ =6

\ %+ + 6 +¢=0

Substituting (2), (5) into (6) and carrying on
transformation and reorganization, the matrix equation
is

k¢ =F(j=1,2,3) )

Finally, the nonlinear differential-algebraic equations
can be obtained from the formula (1) and (7). Then they
are solved iteratively by the Newton Raphson method. By
selecting the appropriate time step, the stability and
accuracy of the solution can be assured.

I1l.  SIMULATION RESULTS

The main parameters of the double windings three-
phase five-legged transformer are listed as follows: rated
capacity: 112.5MVA, rated transformation ratio: 110KV/
16KV, cross -section area of iron core and yoke:
0.4536m?, length of iron core: 3.59m, Iength of yoke:
2.656m, cross-section area of side leg:0.1814m? length of
side leg: 7m.
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Figure 3. Exciting current and harmonic distribution without DC bias
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Figure 4. Nonlinear characteristic curve without DC bias

The calculation results of the exciting currents,
harmonic distributions and nonlinear curves without DC
bias are shown as Fig.3 and Fig.4. It can be seen that the
exciting currents are symmetrical at positive and negative
Y axis and do not get distorted without DC bias. The first
and third odd harmonics are the main ingredient of the
exciting currents. The nonlinear characteristic curves do
not shift.

Current/A

035 036 037
time/s

0.34

617

T T
I phase a
1 phase b [
[ phasec

IA

amplitude

il 1IN S oI

0 1 2 3 4 5 6 7
number of harmonics

Figure 5. Exciting current and harmonic distribution with DC bias
(1,. =0.593A)
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The calculation results of the exciting currents,
harmonic distributions and nonlinear curves with DC bias
are shown as Fig.5 and Fig.6. It can be seen that the
exciting currents are not symmetrical at positive and
negative Y axis any more and get distorted with DC bias.
The even harmonics such as the secondary and fourth
harmonics occurred according to the harmonics analysis.
The nonlinear characteristic curves of the phase a, b and ¢
tend to saturate at the positive half of the Y axis, and those
of the side legs and yokes shift up without reaching



saturation. The distortion of the exciting currents, the
saturation and deviation of the nonlinear characteristic
curves will become more serious with the increase of DC
current.

IV. EXPERIMENTAL STUDY

Fig.7 is the measurement circuit of the three-phase
five-legged transformer under DC bias. Where u,, u, and
us are the three-phase AC voltages. R, is the internal
resistance. U, is the DC power supply. R is the variable
resistance. The capacity of the transformer is 200VA, and
the ratio is 380V/38V.
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Figure 7. The measurement circuit of the transformer

Fig.8 and Fig.9 are the comparative graphics of the
simulation results and the measurement results. It can be
seen that the waveforms are in good agreement.
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Figure 8. A comparison of the exciting currents
without DC bias
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Figure 9. A comparison of the exciting currents
with DC bias

V. CONCLUSIONS

Each phase flux of the three-phase five-legged
transformer interacts with each other. In the mathematical
model, the iron core topology, the saturation characteristic
of the core material and the influence of the eddy currents
are considered sufficiently under DC bias. The exciting
currents get distorted, and the nonlinear characteristic
curves get saturation or deviation when the DC current
invasion into the three-phase five-legged transformer. The
simulation results and experiment results are compared.
They are in good agreement.
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