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Design of a Low-Voltage Distribution Transformer Based on Inductive Filtering

Delu LI*, Xianming DENG, Changyi LI, Xiao ZHANG, En FANG

Abstract: Adopting the connection group structure of DdOyn11, this paper designs a novel low-voltage (LV) distribution transformer (DT) based on inductive filtering (IF),
and verifies the proposed transformer through a comprehensive innovation experiment. Firstly, the functional relationship between valve-side harmonic current and grid-side
current was derived according to the winding model, and the filtering features were obtained to compute the impedance between the valve- and grid-side windings. Next, the
design calculation was carried out by the engineering magnetic circuit (EMC) method. After that, a three-dimensional (3D) model was established for the proposed transformer
on ANSYS Maxwell. The simulation results show that the proposed transformer meets the design requirements on the relevant parameters, and eliminates the harmonic
pollution in the grid. Finally, the proposed transformer was proved correct and effective through experiments, and found to stimulate students' interest in learning and

innovation.
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1 INTRODUCTION

"Electric Machinery Fundamentals", a core course of
electrical engineering and automation, focuses on the
structure and working principle of direct current (DC)
motors, transformers, asynchronous motors, and
synchronous motors. One of the key objectives of this
course is to enable students to put theories into practice:
the students should be taught to design workable schemes
for transformer and motor testing, to carry out experiments
safely, and to collect and analyze the experimental data
comprehensively.

To facilitate course teaching, a two-dimensional (2D)
training mode gradually takes shape, which comprises a
basic experiment and a comprehensive innovation
experiment. The basic experiment aims to demonstrate the
most fundamental experimental methods and operation
skills, while the comprehensive innovation experiment
intends to cultivate the ability to solve practical problems
with the theoretical knowledge of electrical engineering,
and to enhance the students’ ability of scientific research.
During the basic experiment, the electrical parameters of
the transformer are measured under no-load state and short-
circuit state. During the comprehensive innovation
experiment, the students are encouraged to renovate the
structural design of transformers. In this study, an inductive
filtering (IF) distribution transformer (DT) is designed, and
tested through a comprehensive innovation experiment.

The proliferation of power electronic technology,
coupled with the growing presence of nonlinear load, has
brought harmonic pollution to the grid [1-3]. The
transformer core is saturated to varied degrees by the high-
order harmonic component in the grid. The ensuing
problems, such as mechanical vibration, noise pollution,
and core overheating, greatly reduce the service life of
transformers [4-7]. Starting from the cross-winding
equilibrium of magnetic potentials, the IF technology
shields and filters the load-side harmonic current, and
ensures the green operation of the grid.

Currently, IF is being widely applied in various high-
voltage (HV) scenarios, including but not limited to trunk
line electrification [8-13]. IF technology was first used to
solve the quality problem of HVDC transmission and
industrial DC power supply [14-16]. According to the
actual situation of HVDC transmission and industrial DC
power supply, the main connection modes of IF

transformer are extended triangle and Ydd [17, 18].

The IF technology has the following advantages:
Under the same voltage, the grid-side terminal employs the
star connection, and controls the phase voltage at a low
level, thereby reducing the cost of insulation materials [19,
20]. On the valve side, the triangular connection is adopted
to shield the 3rd harmonic and suppress the influence of
zero sequence current [21]. In the LV distribution network,
in order to obtain two voltages on the load side, the
transformer winding generally adopts Dy wiring, which is
mainly because the star connected on the load side has
stronger capacity than the unbalanced load connected in
triangle, and the three-phase unbalanced load needs to be
grounded, which can meet the needs of urban power
distribution [22, 23].

To popularize the application of IF technology in LV
distribution network, this study improves 3-winding DT
into a novel IF LV DT. Specifically, a side of the LV
winding was changed into a filter winding, and a fully
tuned branch was connected to eliminate the grid
harmonics generated by 6-pulse rectification. To reduce
cost and control loss, the proposed transformer uses the
connection group structure of DdOyn11. The filter boasts a
high-quality factor, a few windings, and a small resistance.
Finally, the proposed transformer was verified through
simulation and experiment. The results show that the
impedance of each winding met the design requirements,
and the harmonic pollution was successfully eliminated.

The paper is organized as follows: Section II
introduces the wiring scheme of the IF DT in LV
distribution systems. Based on the strict analysis using the
mathematical model of the proposed IF system, the
working principle of harmonic attenuation is revealed.
Section III presents the detailed winding design of the IF
DT. Section IV selects ANSYS Maxwell to develop the
electromagnetic model of the proposed DT and simulate
the proposed filtering system on a benchmark LV
distribution network. Section V verified the proposed IF
method through experiment and concluding remarks are
presented in Section VI

2 WIRING SCHEME AND MATHEMATICAL MODEL

The proposed transformer adopts the connection group
structure of DdOyn11 to filter out the harmonic generated
by 6-pulse rectification. As shown in Fig. 1, triangular
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connection is applied to the grid side and the filter side,
while star connection to the valve side.

Fig. 2 gives the circuit topologies of distribution
networks considering IF and traditional filters.

As is shown in Fig. la, for the traditional DT, filters
are usually installed at the grid's side of the DT.

Fig. 1b presents the topology of the proposed IF
system with Ddy connection DT. Unlike the traditional
filter system the grid-side windings use the D connection,
while the load-side windings use the Y connection. When
the LV distribution network is connected with unbalanced
loads, the load-side windings can also use the Yn
connection.

The proposed filtering system has the following
features:

(1) The winding adopts zero impedance design to
balance the harmonic current at the load side and winding
side, and the harmonic current can hardly flow into the
power grid side. Therefore, the adverse effect of harmonic
current on transformer is greatly reduced.

(2) In the IF system, the fully tuned filter branch does
not need to be biased like the filter branch of traditional
filter system. The parameters of the fully tuned filter
branch can be calibrated according to the required tuning
frequency.

I ;
|valve-5|de

|winding
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I

|
grid-side winding |

nonlinear load

K

Figure 1 Wiring scheme

(3) When the system impedance is low, the
performance of the traditional filtering system is easily
affected by the system parameters. In IF system, the fully
tuned filter branch is connected in parallel with the filter-
side winding of the DT, so IF system has the ability of anti
resonance.
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(b) Topologies of distribution networks considering the HIAF
Figure 2 Topologies of distribution networks considering IF and traditional filters

The proposed transformer consists of three windings.
Among them, the filter-side winding is connected to a fully
tuned branch. The impedances of the filter are denoted as

Zi, Zr and Zg. The filter boasts a high-quality factor,
because it is immune to system impedance. Besides, the
filter-side winding has a negligible loss of active power,
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owing to its few turns and low resistance.

Without considering the loss or current under no-load
state and the excitation current, the power supply could be
viewed as symmetric. That is, the power frequency curve
exhibits as a perfect sine wave, and there is no difference
in the parameters of the three windings. Because of the
symmetry, a mathematical model was established for one
phase only.

Drawing on the theories of transformers with multiple
windings, the valve-side voltage, filter-side voltage, and
grid-side voltage have the following relationship:

U U =, o7 422 7

VVI A1By a3o VV3 A1B1 431 VV3 apby <3 (1)
B —Upy =2 Z+ L, o 7

W2 apby a3o VV3 apby <32 VV3 A1B1 3

where, Wi W, and W3 are the number of turns of grid-,

filter-, and valve-side windings, respectively; U ALB| » Ua2b2
and U,, are valve-, filter-, and grid-side voltages,

respectively; Z; is valve-side equivalent leakage
impedance; Z3; and Z3 are the short-circuit impedances
between valve- and grid-side windings, and between valve-
and filter-side windings; and Z; = Z, =Zy =Z;, is the
impedance of the filter.

Without considering the excitation current, the
following can be derived from the equilibrium principle of
magnetic potentials:

Wil gg, +Walp,, +Wsl,, =0 (2)

Then, the current and voltage on the filter side can be
respectively described by:

jfa = jazbz _jczaz = \/ge_ﬂo jazbz (3)
Uazbz =Zs (]ﬂ) - jfc ) = \/ge_jlso ijfa “4)

Hence, the filter-side current / has the following

azby
correlation with the grid-side current / AB
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Substituting the three winding impedance formulas

1 3 1 2
A 25(231 +Z3 _Z1(2)) and 7, :E(ZZI +Zy _Z3(1))
into Eq. (5) and combining Eq. (2), the grid-side current
I AjBy has the following correlation with the valve-side

current /,5:

UA] B

jAB =
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Without considering grid-side impedance, the grid-

)

By is zero for the n-th harmonic.

side voltage 5\"1

Substituting U/(:l%gl =0 into Eq. (6):
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where, the superscript n is the harmonic number; Zgn) is

the filter impedance for the n-th harmonic. Therefore, the
filter can eliminate the harmonic current, provided that the
filter-side equivalent impedance is zero for the given
harmonic. This is the precondition for the green operation
of the grid.

3 PARAMETER DESIGN

Tabs. 1 and 2 present the basic technical parameters
and iron core parameters of the proposed transformer,
whose capacity is 30 kVA. The magnetization curve of the
iron core material 27QG120 is shown in Fig. 3.

Table 1 Basic technical parameters

Parameter Grid side Filter side Valve side
Rated capacity / kVA 29.272 7.884 26.85
Rated voltage / V 10000 380 380
Connection mode D D and
Line current / A 1.69 11.98 40.79
Number of turns 3236 123 71
Table 2 Iron core parameters
Iron core parameter
Diameter / mm 85
Effective cross-section / cm? 88.56
Flux density / T 1.61
Window height / mm 510
Center distance / m 320
Empty load loss / W 227
Material 27QG120

After correcting the Rockwell coefficient, the widely
used engineering magnetic circuit (EMC) method was
introduced to compute the short-circuit impedance of the
proposed transformer:

49.6 fIN> Dp

T Ty (®)
Ehx10

where, E\ is the voltage per turn; 2. D is the equivalent flux

leakage area; IN is the ampere turns; p is the Rockwell
coefficient. If the winding is concentric, then:
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)

where, / is the height of the leaking magnet group, i.e., the
mean axial height of all windings in that group; 4 is the
width of the missing magnet group, i.e., the sum of the
spoke widths of all windings and leakage lanes in the
leaking magnet group.

27QG120 -
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i 3
E1.00
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000 T
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Figure 3 Magnetization curve of the iron core material

Then, the impedance between windings (Tab. 3) was
obtained from the winding scheme in Fig. 4.
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Figure 4 Winding scheme

Table 3 Impedance obtained by EMC method

Grid side - valve side | Grid side - filter side | Filter side - valve side
/ % / % / %

4.994 3.706 1.105

4  SIMULATION
4.1 Finite-element Analysis

This paper selects ANSYS Maxwell to develop the
electromagnetic model of the proposed transformer. Fig. 5
summarizes the steps of the simulation and finite-element
calculation.

Select the solver
type

Calculation

start

physical modell

Add material

properties (

conductivity,
dielectric constant,
permeability, etc. )

1

Setting excitation
source and boundary
conditions

Grid subdivision and
solution setting
finite element
solution

eet iteration stop
condition
post-processing

(a) Flowchart (b) Finite-element algorithm
Figure 5 Steps of simulation and finite-element calculation

Generating initial
partitions

Calculation of
field

subdivision

The first step is to select the type of solver, and
establish a transient magnetic field under alternating
excitation. The physical modeling of the proposed
transformer was carried out, as shown in Fig. 6.

Figure 6 3D geometric model

After adding materials, the current surface is cropped
from the physical model for the addition of excitation. As
shown in Fig. 7, the external circuit editor of ANSYS is
adopted to apply an external circuit for field circuit
coupling.
e
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On the load side, a three-phase uncontrolled rectifier
circuit was added to generate a 6k = 1th harmonic. On the
filter side, a single tuned filter was adopted to filter the Sth,
7th, 11th and 13th harmonics.

After setting the boundary conditions, the field within
the boundaries was meshed adaptively (Fig. 8).

Figure 8 Finite-element model

The core pillar and upper and lower yokes were
meshed into 8068 grids; three windings of phase A were
meshed into 4554 grids, the three windings of phase B were
meshed into 4807 grids, and the three windings of phase C
were meshed into 4574 units. The solution was set in
ANSYS Maxwell. In addition, the step size and stop time
were configured as 10 ps and 0.5 s, respectively. Through
error analysis and iterative calculation, high-precision and
reliable electromagnetic data were obtained.

4.2 Winding Impedance Analysis

The previous analysis reveals that the filtering
performance of our DT must ensure that each winding
meets the impedance condition. The design of our new
transformer hinges on the calculation of model impedance
by simulation software. The internal electromagnetic
relationship of a transformer can be derived through the
energy method, in a reliable and stable manner. Therefore,
this paper selects the energy method to compute the
impedances of transformer windings.

To measure the leakage reactance energy of
transformer model on ANSYS Maxwell, the type of solver
was set to the static magnetic field, using the natural
boundary condition and adaptive meshing. In addition, an
excitation was added to the given 3D model winding to
measure the leakage reactance energy between two

windings of each phase in turn. After the excitation was
applied, it is necessary to add a DC current of equal size
and opposite direction to the two windings to offset the
current-induced main flux in the iron core. Then, it is
possible to capture the cross-winding leakage flux, as well
as the leakage magnetic field energy Wy Fig. 9 shows the
application of excitation for measuring short-circuit
impedance.

Figure 9 Application of excitation for measuring short-circuit impedance

Let Lqbe the cross-winding short-circuit leakage; /4 be
the DC current on the winding. The value of Wnr on a
winding can be calculated by:

1
W= ELdlj (10)

Then, the short-circuit reactance X4 can be obtained by

2W
Xy =2nf Ly =2nf - —2L (1D
d
After normalization:
U, X, -S
Uy 3-U}

Next, the cross-winding Wy was obtained by the
energy method, while the cross-winding short-circuit
impedance was computed by Egs. (10) to (12), and
compared with the results obtained by the EMC method
(Tab. 4). The comparison shows that the two methods
produced similar impedances, with an error smaller than
5%. Therefore, our DT meets the impedance requirement
on each winding.

Table 4 Results of energy method vs. results of EMC method

Winding Simulated Wi/ J Impedance (energy method) / % Impedance (EMC) / %
Grid side - valve side 0.83653 5.156 4.994
Grid side - filter side 0.62395 3.82 3.706
Filter side - valve side 0.000244 1.062 1.105

4.3 Simulation Results

Our DT was verified through ANSYS simulation. The
peak phase voltage on the grid side was set to 8165 V. A
three-phase uncontrolled rectifier was deployed on the
valve side to generate a 6k + 1 the harmonic. The load
resistance was set tol3 Q, and the smoothing reactor to
6.56 mH.

Fig. 10 shows the grid- and valve-side flux densities of
traditional dual winding transformer and our DT. The

traditional and our DTs had almost the same grid-side flux
density, whose wave form was severely distorted. After
filtering, the grid-side flux density of our DT approximated
the sine wave, indicating that our DT can filter out the
harmonic flux.

Fig. 11 is the simulation result of one-phase current of
the fully tuned branch at the filter side of the IF DT. The
turns ratio of filter side winding to valve side winding is set
to 1:1, and the harmonics generated by the valve side
uncontrolled rectifier equipment are filtered through the
filter side.

326

Technical Gazette 28, 1(2021), 322-329



Delu LI et al.: Design of a Low-Voltage Distribution Transformer Based on Inductive Filtering

ndNGANGANGANS

0.0027 ]

0.0001 LJ | LJ | | 1

165 170 175 180 185 190 195 200
Time (s)
(a) Grid side, traditional DT

Flux density(T)

Flux density(T)

175 180 185 190 195 200

Time (s)

(b)Valve side, traditional DT
\

165 170

Flux density(T)

\ | | |

180 185 190 195 200
Time (s)
(c) Grid side, our DT

| | |
165 170 175

0.005;

~

0.004

0.003]
0.0027

Flux density(T

0.001f

80 185 190 195 200
Time (s)
(d) Valve side, our DT

Figure 10 Grid- and valve-side flux densities of traditional DT and our DT
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Figure 11 Current of the fully tuned branch at the filter side of the IF DT
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Fig. 12 compares the grid-side currents of traditional
dual winding transformer and our DT. The two
transformers were consistent in the waveform of grid-side
current. Both witnessed severe harmonic pollution in the
grid. Our DT filtered out most of the valve-side harmonic
current, such that the grid-side current basically took the
shape of the sine wave. Hence, our DT design is correct.
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Figure 12 Grid-side currents of traditional DT and our DT

5 EXPERIMENTAL VALIDATION
5.1 Scenarios and System Parameters

Our DT design was further verified through
experiment. The wiring diagram and test platform are
displayed in Figs. 13 and 14, respectively. Four single
tuned filters were selected for the experiment, that is, the
cumulative capacity amounted to 6.98 kVA. The
generations of harmonic and load resistance were
implemented in the same manner as in the previous
simulation. Then, the cross-winding impedance of our DT
was measured through a short-circuit test (Tab. 5).

_—— = —

| induction filter
| distribution transformer

H—

2
>
AC power supply |

7 (a) totev of our filter ) - b) Device
Figure 14 Experimental platform

Table 5 Measured impedances

Gridside - valve side /
%

Grid side - filter side
/ %

Filter side - valve side
/ %

5.29

4.12

1.26
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The impedances measured through our experiment
were within 5% from the results obtained through the
energy method and the EMC method. This is in line with
the design expectations.

When the grid-side voltage was 10000 V, the no-load
voltage on that side was measured as 382 V, which meets
the voltage requirements of transformer design.

5.2 Filtering Effect

Fig. 15 compares the grid-side currents of the
traditional and our DTs. Fig. 16 displays the spectra of the
collected current waveforms. Comparing Figs. 15 and 16,
it could be inferred that, for the grid-side current, the rate
of harmonic distortion was as high as 24.63%. Our DT
lowered that rate to 3.94%, suggesting that our design can
effectively eliminate harmonics.
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Figure 15 Grid-side currents of the traditional and our DTs
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Figure 16 Spectra of the collected current waveforms
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Figure 17 Current of the fully tuned branch at the filter side of the IF DT

Fig. 17 proves that the fully tuned branch on the filter
side of the IF DT induces the harmonic component
generated on the valve side, which further shows that the
IF DT effectively eliminates the harmonic.

6 CONCLUSIONS

To popularize the application of IF technology in LV
distribution network, this paper puts forward a novel IF DT
for LV distribution networks. The designed transformer
was firstly validated on ANSYS Maxwell. The simulation
results indicate that our DT can effectively filter
harmonics. Then, the voltage parameters of the transformer
and the cross-winding impedances were obtained under the
no-load and short-circuit states. The impedances measured
through our experiment were within 5% from the results
obtained through the energy method and the EMC method.
This is in line with the design expectations. Through the
filter experiment, it is proved that the designed IF
transformer maintains the structure of the traditional LV
DT, can deal with unbalanced load, and has excellent
harmonic suppression ability. The comprehensive
innovation experiment not only verifies the correctness of
our design, but also effectively arouses the students'
enthusiasm for transformer innovation.
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