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ABSTRACT Different from a three-winding transformer and ac passive filtering method, this paper proposes
an inductive filtering (IF) method with a four-winding inductive filtering transformer (FW-IFT) for power
system supplying nonlinear loads. Based on this, the characteristic parameters of the short-circuit impedance
for the FW-IFT are studied in detail by theoretical analysis and experimental verification. According to the
single-phase equivalent circuit, the voltage equations of the FW-IFT are established at the fundamental and
harmonic frequencies. By short-circuit test, the constraint condition of the inductive filtering is obtained,
which can satisfy the demand of nonlinear loads in power system. Then, the influences of the filter
impedance on characteristic parameter of the short-circuit impedance are analyzed and calculated. The
detailed theoretical calculation and the experimental results verified the feasibility and correctness of the
aforementioned theoretical analysis and calculation.

INDEX TERMS Four-winding inductive filtering transformer, inductive filtering, short-circuit impedance,
equivalent circuit, theoretical analysis.

I. INTRODUCTION
A three-winding transformer is a key electrical equipment in
power systems supplying nonlinear loads. The Increasing use
of nonlinear loads creates harmonic distortion at the utility
grid, which is transmitted from the load side to the utility grid
side by three-winding transformer. This harmonic distortion
gives rise to overheating of transformer, higher line losses,
and derating reactive power [1]–[5]. Additionally, these cur-
rent harmonic interactions between the utility grid and loads
lead to voltage harmonics, and finally, safe operating and
system stability problems in the power system. So, the power
quality of the utility grid, due to current harmonics, has
become a major problem at the system voltage level.

Hence, the harmonic reduction techniques are very impor-
tant to enhance the power quality of the utility grid. There
are a variety of harmonic reduction techniques to enhance
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grid current and voltage waveforms, and which are com-
monly categorized as passive filtering techniques, active
filtering techniques, and hybrid active filtering techniques.
Passive filtering techniques with inductance (L) and capac-
itor (C) are preferred because of their simplicity, eco-
nomical cost, and reliability. However, passive filters are
easily to occur series and/or parallel resonances between
system impedance and filter impedance, which make har-
monic amplification [6], [7]. Active filtering techniques
which are usually made of a three-phase voltage inverter
with a dc-link capacitor also limit the flow of current
harmonics into the utility grid [8]–[11]. Hybrid active fil-
tering techniques composed of an active filter with pas-
sive filter can prevent current harmonics into the utility
grid [12]–[15]. However, two later techniques are not suit-
able for a high-power and high-voltage level of the power
system to eliminate current harmonics due to capacity lim-
itation of the inverter and the complexity of the control
algorithm.
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FIGURE 1. Wiring scheme of three-winding transformer and passive
filtering method.

Therefore, the inductive filtering method with a four-
winding inductive filtering transformer (FW-IFT) is pre-
sented to shield load current harmonics into the utility
grid. Different from the other papers’ investigating contents,
the aim of this paper is further to study on the characteristic
parameters of short-circuit impedance for the FW-IFT and the
inductive filtering approach, which are concerned with the
prototype of the FW-IFT in experiment.

II. SYSTEM STRUCTURE DESCRIPTION
Fig.1 and Fig.2 present the three-winding transformer and
passive filtering method, and the four-winding inductive fil-
tering transformer and the tuned filtering circuit for induc-
tive filtering, respectively. Note that the FW-IFT has an
independent filtering winding, which a linking point of the
filtering winding connected with passive filters acts as the
filtering system implementing inductive filtering at harmonic
frequencies.

A. INFLUENCE OF LOAD HARMONIC
ON THE UTILITY GRID
A conventional power system mainly consists of power sup-
ply source, three-winding transformer, transmission line, pas-
sive filters, and power loads, as shown in Fig.1. Provided
that current harmonics generated by nonlinear loads are of
6k ± 1(k is the integer) order characteristics. These char-
acteristic current harmonics will deliver into the utility grid
by the three-winding transformer, which make the same har-
monic component of 6k ± 1 order characteristics. There-
fore, the traditional filtering scheme is that passive filters are

FIGURE 2. Wiring scheme of four-winding inductive filtering transformer
and corresponding inductive filtering system.

always placed in tertiary winding or low-voltage side of this
transformer. In such a scheme, the passive filtering method
can only alleviate harmonics of the low-voltage (LV) load
side, whilst it cannot reduce that of the medium-voltage (MV)
load side, and thus the power quality of the utility grid or
high-voltage (HV) supply terminal cannot satisfy the IEEE
Standard 519 [16].

Therefore, an inductive filtering method with a FW-IFT is
proposed to apply in power system supplying nonlinear loads,
as illustrated in Fig.2. The FW-IFT is designed according to
the equivalent zero impedance principle, which makes the
filtering winding as filtering path. The equivalent calculated
impedances of the filtering winding are closely equal to zero,
and the impedance of the passive filters is zero at the special
frequency. Once two conditions are matched, the inductive
filtering technique will be implemented. In such a way,
the main characteristic harmonics generated by nonlinear
loads of the MV and/or LV side can be shielded, meanwhile
the harmonic magnetic potential of the transformer can be
decreased greatly, and there are few current harmonics at
the utility grid, which implies that the bad influences of the
harmonic and reactive power on the FW-IFT can be alleviated
immensely.

B. SHORT-CIRCUIT IMPEDANCE OF THE FW-IFT
Short-circuit impedance of transformer is of greatly impor-
tant characteristic parameters for the operation of power sys-
tem supplying nonlinear loads [17]–[19], especially for the
FW-IFT, which directly influences its filtering performance
and the capability of reactive power compensation.
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FIGURE 3. Winding structure of the FW-IFT.

FIGURE 4. Single-phase equivalent circuit of the FW-IFT.

As for the three-winding transformer shown in Fig.1, this
transformer adopts wye/wye/delta-connected winding, and
corresponding short-circuit impedance parameter has been
reported in the literatures [20], [21].

As for wiring scheme andwinding structure of the FW-IFT,
respectively, shown in Fig.2 and Fig. 3, there has four wind-
ings, such as the wye-connected primary winding, the wye-
connected secondary winding, the delta-connected tertiary
winding, and the delta-connected filtering winding. In the
meantime, the equivalent calculated impedance of the fil-
tering winding is designed to closely zero (by ignoring
resistor of the transformer) according to the equivalent zero
impedance principle. This designed structure ensures that
the impedance of the filtering branch is approximately equal
to 0 at the harmonic frequency, which is provided a filter-
ing path for realizing the inductive filtering. The symmet-
rical configuration ensures that the each-phase short-circuit
impedance of the FW-IFT is equal, which implies that the
error of short-circuit impedance is simply controlled. Also,
the equal of each-phase impedance can confirm the symmetry
of the FW-IFT configuration, which is a merit of the normal
operation and to implement the inductive filtering.

III. THEROTICAL ANALYSIS OF
CHARACTERISTIC PARAMETERS
Fig.4 shows single-phase equivalent circuit of the FW-IFT
which is of four nodes and branches. Since the equivalent
calculated impedance of the filtering winding is 0, this equiv-
alent circuit is a radiation-connected circuit which includes

one short-circuit impedance ZK14 and three equivalent calcu-
lated impedances ZK2,34, ZK3,24, ZK4,23. The operating char-
acteristics of the FW-IFT are described from this equivalent
circuit: 1) Assumed that load harmonics do not occur in the
MV and LV sides, without passive filters, the function of the
FW-IFT is similar to three-winding transformer; 2) Assumed
that power factor of the utility grid is lower than 0.9 in
1) scenario, reactive power compensation will be performed
by capacitors connected to the filtering winding, and so
it enhances power factor; 3) Assumed that load harmonics
occur in the MV and/or LV load sides, harmonics compen-
sation will be implemented by passive filters connected to
the filtering winding, and thus it can shield load harmonics.
Hence, the short-circuit impedance is very important charac-
teristic parameters for realizing the IF method.

A. VOLATGE EQUATIONS
For the sake of solving the characteristic parameters of the
short-circuit impedance for the FW-IFT, the equations which
expresses the characteristic of the voltage transfer of the
FW-IFT should be established at the first.

Ignoring the excitation current and according to the
ampere-turns balance principle, the magnetic balance equa-
tion of the FW-IFT can be obtained as

İFa =
W1

W4

√
3ej

π
6 İsa1 −

W2

W4

√
3ej

π
6 İLa2 −

W3

W4
İLa3 (1)

The voltage equation of the filtering winding is expressed
as

U̇Fa = ZF İFa (2)

Assumption of three-phase symmetric system, the voltage
equations of the FW-IFT are obtained as follows
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3ej

π
6
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(3)

where, Wm is the number of turns for m-winding of trans-
former; U̇sa1, U̇La2, U̇La3, and U̇Fa are the phase-a port
voltage of primary, secondary, tertiary, and filtering winding
of the FW-IFT, respectively; İsa1, İLa2, İLa3, and İFa are the
phase-a port current of primary, secondary, tertiary, and fil-
tering winding of the FW-IFT, respectively; ZF is the filter
impedance. ZKmn is the short-circuit impedance between m-
and n-winding; ZKk,mn is the equivalent calculated impedance
for k-winding amongm-, n-, and k-winding; relation between
ZKk,mn and the short-circuit impedances (ZKkm, ZKkn, ZKmn)
is ZKk,mn = 0.5(ZKkm + ZKkn − ZKmn); k,m, n = 1, · · · , 4,
k 6= m 6= n.
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TABLE 1. Measures the short-circutimpedance.

Using (1) and (2) in (3) yields, the voltage equations of
winding port for the FW-IFT can be obtained as follows
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)İLa2 − (ZF
W 2

3

W 2
4

+ ZK34
1
3

W 2
3

W 2
1
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(4)

From (4), the voltages transfer equations of each port for
the FW-IFT at the fundamental and harmonic frequencies
are described to derive the characteristic parameters and con-
straint condition on the short-circuit impedance.

B. CONSTRAINT CONDITION ON THE
SHORT-CIRCUIT IMPEDANCE
While winding i is energized, winding j is short-circuited,
keeping the remaining windings in open circuit as shown
in Table. 1. From this test, the short-circuit impedance
between two windings ZKij is calculated as [22].

ZKij =
Ui
Ij

∣∣∣∣
Uj=0,Iq=0

i 6= j; q 6= i, j; i, j, q = 1, 2, 3, 4 (5)

where, Ui is the voltage source connected to the winding i, Ii
is the current flowing through the winding i, Iq is the current

TABLE 2. Measures the short-circuit impedance with filter impedance.

flowing through the other windings. This short-circuited test
is made for all of the six possible combinations of pairs of
windings. The subscript f is denoted as scenario 1 without
filters at the fundamental frequency, and the subscript if is
denoted as Scenario 2 with filters.

Table 1 shows the six short-circuit impedances (ZK12,
ZK13, ZK14, ZK23, ZK24, and ZK34) measured by three-phase
short-circuited test. Yet, Table 2 shows the two short-circuit
impedances (ZK12_if and ZK13_if ) measured by three-phase
short-circuited test when the filtering winding connects
with passive filter. Meanwhile, the influence of the fil-
ter impedance (ZF ) on the short-circuit impedance will be
analyzed by comparison of ZK12, ZK13 and corresponding
ZK12_if , ZK13_if .

1) THEORETICAL ANALYSIS OF ZK12
By symmetric short-circuited test on the MV side, so the
following results will satisfy{

U̇La2 = U̇Lb2 = U̇Lc2 = 0
İLa3 = İLb3 = İLc3 = 0

(6)

By substituting (6) into (4), then substituting the results are
that

U̇sa1 = (ZK14 + 3ZF
W 2

1

W 2
4

)İsa1 − 3ZF
W1W2

W 2
4

İLa2

3ZF
W1W2

W 2
4

İsa1 = (3ZF
W 2

2

W 2
4

+ ZK24
W 2

2

W 2
1

)İLa2

(7)

By eliminating intermediate variable İLa2 in (7), so a ZK12
can be written as

ZK12 =
U̇sa1
İsa1
= ZK14 +

3ZFZK24

3ZF + ZK24
W 2

4
W 2

1

(8)

From (8), the expression of ZK12 related two short-circuit
impedances (ZK14, ZK24), filter impedance ZF , and turn ratio
between winding number 1 and 4 is described.
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Scenario 1: Without filter, such as,ZF = ∞, ZK12_f is
obtained as

ZK12−f = ZK14 + ZK24 (9)

Scenario 2: With filter, such as,ZF 6= ∞, since the filter
impedance is much bigger than the short-circuit impedances
of the FW-IFT at the fundamental frequency, the following
results can be obtained

3 |ZF | � ZK24

3 |ZF | � ZK24
W 2

4

W 2
1

(10)

By substituting (10) into (8), ZK12−if is obtained as

ZK12−if ≈ ZK14 + ZK24 (11)

2) THEORETICAL aNALYSIS OF ZK13:
Similarly, by symmetric short-circuited test on the LV side,
so the following results will satisfy{

İLa2 = İLb2 = İLc2 = 0
U̇La3b3 = U̇Lb3c3 = U̇Lc3a3 = 0

(12)

By substituting (12) into (4), then substituting the results
are that
U̇sa1= (ZK14+3ZF

W 2
1

W 2
4
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W 2
4
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π
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W 2
3

W 2
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(13)

By eliminating intermediate variable İLa3 in (13), so ZK13
can be written as

ZK13 =
U̇sa1
İsa1
= ZK14 +

3ZFZK34

3ZF + ZK34
W 2

4
W 2

1

(14)

From (14), the expression of ZK13 related two short-circuit
impedances (ZK14, ZK34), filter impedance ZF , and turn ratio
between winding number 1 and 4 is described.
Scenario 1: Without filter, such as ZF = ∞, ZK13−f is

obtained as

ZK13−f = ZK14 + ZK34 (15)

Scenario 2: With filter, such as ZF 6= ∞, since the filter
impedance is much bigger than the short-circuit impedances
of the FW-IFT at the fundamental frequency, the following
results can be obtained3 |ZF | � ZK34

3 |ZF | �
W 2

4
W 2

1
ZK34

(16)

By substituting (16) into (14), ZK13−if is obtained as

ZK13−if ≈ ZK14 + ZK34 (17)

TABLE 3. Designed parameter of a FW-IFT prototype.

The expression of the equivalent calculated impedance of
the filtering winding is that{

ZK4,12 = 0.5(ZK14 + ZK24 − ZK12)
ZK4,13 = 0.5(ZK14 + ZK34 − ZK13)

(18)

From (9) and (15), the characteristic parameters of the
short-circuit impedance for the FW-IFT will satisfy a certain
constraint condition, and the equivalent calculated impedance
of the filtering winding was indirectly deduced to be equal
to 0, which means that the FW-IFT has a filtering winding.
Therefore, the constraint condition of the FW-IFT is both
ZK4,12 = 0 and ZK4,13 = 0. Similarly, once the FW-IFT
meets this constraint condition, it can implement the inductive
filtering. With filters, the difference in the selected value of
both ZK12−if and ZK12−f , both ZK13−if and ZK13−f is almost
equal by comparison of theoretical calculations from (11) and
(9), (17) and (15), which shows that both the short-circuit
impedances (ZK12, ZK13) and the filter impedance ZF have
not relation directly. Therefore, both the filtering winding and
the other windings have only the magnetic relation but no the
electrical relation.

So, the characteristic parameters of the short-circuit
impedance for the FW-IFT are that

ZK12 ZK13 ZK14
ZK23 ZK24

ZK34

Constraints :

{
ZK12 = ZK14 + ZK24

ZK13 = ZK14 + ZK34
(19)

From (19), the FW-IFT has six characteristic parameters
of short-circuit impedance, such as,ZK12, ZK13, ZK14, ZK23,
ZK24, and ZK34, and thus ZK12, ZK13 need to satisfy a certain
constraint condition. Meanwhile, we confirm if this trans-
former is a FW-IFT from this constraint condition.

IV. EXPERIMENTAL VERIFICATION
A. DESCRIPTION OF SHORT-CIRCUIT TEST
The prototype of a FW-IFT based on the equivalent zero
impedance principle is designed, which the designed parame-
ters are shown in Table 3. Fig.5 shows the short-circuited test
to measure the characteristic parameters of the short-circuit
impedances for the FW-IFT. This test is made of the FW-IFT,
supply transformer, and experimental platform, and while
double arm bridge apparatus is used to measure resistance
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FIGURE 5. Short-circuited test of the FW-IFT prototype.

FIGURE 6. Waveforms and phasor diagram of three-phase voltages and
currents when measured ZK12. (a) Without filter. (b) With filter.

of FW-IFT. It adopts the 11th-order passive filter, which the
inductor (LF ) and capacitor (CF ) are 3 mH and 28 µ F,
respectively, and so the filter impedance ZF is −j112.8 � at
the fundamental frequency.

The characteristic parameters of the short-circuit impeda-
nces can be obtained by the short-circuited test as shown
in Table 1. The measurements are performed by taking two
windings at a time. One winding is energized with a sec-
ond winding that is short-circuited while keeping the third
and fourth winding open. Without filters, the short-circuit
impedances, such as, ZK12, ZK13, ZK14, ZK23, ZK24, ZK34,
of transformer can be measured by short-circuit test.

FIGURE 7. Waveforms and phasor diagram of three-phase voltages and
currents when measured ZK13. (a) Without filter. (b) With filter.

B. EXPERIMENTAL RESULTS
Experimental results were obtained by short-circuited test
for the FW-IFT working as on no-load. Fig.6 (a) shows
waveforms and phasor diagram of three-phase voltages and
currents when measured short-circuit impedance ZK12 with-
out filters (ZF = ∞). Fig.6 (b) shows waveforms and
phasor diagram of three-phase voltages and currents when
measured short-circuit impedance ZK12_if with filters (ZF =
−j112.8�).
Fig.7 (a) shows waveforms and phasor diagram of

three-phase voltages and currents when measured short-
circuit impedance ZK13 without filters (ZF = ∞). Fig.7 (b)
showswaveforms and phasor diagram of three-phase voltages
and currents when measured short-circuit impedance ZK13_if
with filters (ZF = −j112.8�). Table 4 shows the compar-
ison of short-circuit impedances from both the theoretical
calculation and experimental results. It can be seen from
Table 4 that the theoretical calculation results are the same
as the experimental results. Moreover, the results show that
the filter impedance at fundamental frequency has no effect
on characteristic parameters of the short-circuit impedances
ZK12, ZK13.

C. EXPERIMENTAL ANALYSIS
For purpose of verifying the feasibility of the theoretical anal-
ysis and describing the harmonic suppression characteristic
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TABLE 4. Comparasion of the short-circuit impedance.

FIGURE 8. Schematic diagram of experimental prototype.

FIGURE 9. Voltage and current experimental waveforms at the 380-V bus.
(a) Without filter. (b) With filter.

that FW-IFT has, we established the schematic diagram of
the experimental prototype shown in Fig.8 in which includes
the FW-IFT, two sets of diode rectifier system as nonlinear
loads, passive filters with the 5th, 7th, 11th, and 13th order
harmonic. Fig.9 shows the voltage and current experimental
waveforms at the 380-V bus both without filters and with
filters. Fig.10 shows phase-a current spectra at the 380-V by
comparison of both without filters and with filters. It can be
seen that the current experimental waveforms at the 380-V
bus are approximate to the ideal sine wave, when the imple-
mentation of the inductive filtering technique in the filter-
ing winding of the FW-IFT. Since the main characteristic

FIGURE 10. Current spectra at the 380-V bus.

harmonics of nonlinear loads have been eliminated in the
filtering winding, there are few current harmonics at the
utility grid of the FW-IFT, which implies that the filtering
system will induce the main current harmonics to offset load
current harmonics.

V. CONCLUSION
The characteristic parameters of the short-circuit impedance
for the FW-IFT are studied in detail by the systematic analysis
and the short-circuited test. The conclusion can be summa-
rized as follows.

1) This paper has set up the constraint relationship of
characteristic parameters of the short-circuit impedance for
the FW-IFT, deduced by the short-circuited test according to
the voltage transfer equations, and then revealed the special
independent filtering winding that the FW-IFT has.

2) The equivalent calculated impedance of the filtering
winding is indirectly deduced to be closely equal to 0 from
the constraint relationship of characteristic parameters of the
short-circuit impedance, and the provided a filtering path for
implementing inductive filtering.

3) This paper has presented a simple but practical calcula-
tion method for characteristic parameters of the short-circuit
impedance for the FW-IFT, and further studied that the filter
impedance at fundamental frequency has no effect on char-
acteristic parameters of the short-circuit impedance for the
FW-IFT.

4) Between the theoretical calculation and experimental
results are basically consistent with the theoretical analysis,
which proves the feasibility of the theoretical analysis. The
experimental results show that the application of the FW-IFT
and the inductive filtering method can greatly decreased
the load current harmonics in the filtering winding of the
FW-IFT.

The leakage inductance matrix of the FW-IFT will be
investigated in the further.
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