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Abstract—The results of laboratory studies of the transverse inclusion of a transformer with a circuit for con-
necting “double zigzag with zero output” windings to a 0.38-kV network model in order to increase the capac-
ity of the electrical network by reducing the operating current in the zero working conductor of a three-phase
four-wire electrical network are presented. The analysis of currents creating a load of the zero working wire
of the network with a voltage of 0.38 kV is performed. For the load side of the power transformer, the equa-
tions of the instantaneous values of the most significant harmonic components of the currents are presented,
which are obtained from experimental studies with different load coefficients of the power transformer. The
shunting effect of a transformer with a “double zigzag with zero output” winding connection scheme on the
asymmetry coefficients of currents and voltages of the reverse and zero sequence, as well as on the distortion
coefficients of the sinusoidal curves of currents and voltages and the coefficients of the third harmonic com-
ponent of current and voltage, is estimated. The revealed patterns of changes in the current load of the zero
working wire make it possible to improve the efficiency of electricity transmission in the electrical network,
extend the service life of cable lines, and reduce the fire hazard of electrical installations.

Keywords: transformer with a “double zigzag with zero output” circuit for connecting windings, zero wire of

the network, zero sequence current of the fundamental frequency, third harmonic current
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There have been significant changes in the struc-
ture of rural electricity supply in recent years: an
increase in electricity consumption by household
loads against the backdrop of a decline in electricity
consumption by industrial loads. An increase in the
share of single-phase nonlinear electrical receivers in
load nodes leads to an increase in currents in the neu-
tral working wires of four-wire electrical networks with
a voltage of 0.38 kV and power transformers of 6—
10/0.4 kV. Asymmetry and nonsinusoidality of cur-
rents are the main factors causing an increase in cur-
rents in the neutral working wire of the network.

Harmonic components of currents that are multi-
ples of 3 are close to being in phase and, when summed
in the neutral working wire, can form a current
exceeding phase currents at a frequency of 150 Hz.

Most of the cable lines in networks with a voltage of
0.38 kV are made of four wires; the neutral conductor
of such a cable may be of a smaller or the same cross
section as the phase conductors. According to the
heating conditions, a four-core cable with a neutral
core of a smaller cross section is in worse conditions.
In power transformers, current harmonics divisible by

athree- and zero-sequence current of the fundamental
frequency lead to an increase in additional power
losses and a decrease in insulation service life [1].

The described situation is typical for rural and
municipal electrical networks with a voltage of 0.38 kV.
Therefore, the task of reducing zero-sequence currents
of the fundamental frequency and currents with har-
monics that are multiples of 3 in a four-wire network
is of scientific and practical interest.

The use of transformers in electrical networks with
windings connected in “zigzag” and “double zigzag
with zero output” circuits [2] has shown their promise
in limiting currents in the neutral wire. The purpose of
the article is to study the possibility of increasing the
capacity of the electrical network by reducing the
effective current in the zero working conductor of a
three-phase four-wire electrical network.

For research, a transformer was manufactured with
the windings connected in a “double zigzag with zero
output” (2Zn) circuit; the ratio of the number of turns
on each rod constituted 1: 0.5: 0.5 [3]. The cross-sec-
tional areas of each of the rods, on which the windings
are placed, are identical. Transformer T2 with wind-
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Fig. 1. Laboratory setup diagram.

ings 27Zn was connected by a QF circuit breaker to a
model of a three-phase four-wire network between the
power source and the load Z,,,—Z; (Fig. 1).

The network model was powered by power trans-
former T1 of type TS-1.5 with a star/star winding con-
nection circuit with a neutral wire (Y/Yn). The active-
inductive load Z,—Z,; was simulated for various
power combinations of switched DRL gas-discharge
lamps; electrical quantities were recorded with a
HIOKI 3196 device certified in Russia. During mea-
surements, the current clamps of the HIOKI 3196
device covered the linear and neutral working conduc-
tors of the network model. Phase voltages were mea-
sured at the terminals of power transformer T1 on the
load side.

The studies were carried out in various load modes:
in a mode with a symmetrical phase load and in modes
with an asymmetrical load, created by changing the
power of DRL lamps. In each mode, two experiments
were carried out: with transformer T2 disconnected
and connected (via the QF switch), which led to a
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change in the load factor of transformer T1; the main
results of the experiments are presented in Table 1.

Indicators of asymmetry and nonsinusoidality of
currents obtained in experiments after connecting
transformer T2 are presented in Table 2.

As follows from the data in Table 1, the voltage and
current asymmetry indicators in the experiments var-
ied within the following limits (Table 1): voltage asym-
metry coefficient for the zero sequence K;; from 0.31
to 0.38%, current asymmetry coefficient for the zero
sequence K, from 12.99 to 26.74%, negative sequence
voltage asymmetry coefficient K, from 2.62 to 4.88%,
and negative sequence current asymmetry coefficient
K,, from 13.76 to 30.67%.

Sinusoidal distortion coefficients of voltages K
and currents K, changed accordingly: K, from 1.28 to
2.32% and K, from 3.14 t0 9.64%.

As the most significant harmonics of voltages and
currents, the first and third harmonics were analyzed,
including the distortion coefficient of the sinusoidality
of the current curve in the neutral wire of the K}, net-
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Table 1. Coefficients of asymmetry and nonsinusoidality depending on the operating mode of the network model
Load factor B of transformer T, switch position QF
Indicator ﬁQF%?fl BQFO(;? BQFlcﬁfg BQFI(')T BQF logfl BQFl(;iS

Characteristics of asymmetry

Ky, % 0.31 0.31 0.35 0.33 0.38 0.34

Ky, % 12.99 3.47 22.34 1.01 26.74 2.89

K>, % 2.62 3.31 4.20 4.66 4.88 4.91

K>, % 19.62 3.38 13.76 20.84 30.67 33.60
Nonsinusoidal characteristics

Ky, % 0.27-0.73 0.26—0.68 0.34—-0.92 0.16—0.86 0.52—0.76 0.49-0.84

K3, % 2.62-9.22 3.24-6.24 3.21-7.60 3.04-8.67 6.0—8.03 2.93-9.53

Ky, % 1.28—2.09 1.34—2.42 2.16—2.32 2.47-2.60 1.42—1.85 1.80—2.02

K., % 3.14-9.64 6.76—7.85 4.02-8.04 4.72-9.03 6.72—8.45 5.02-9.93

Ky, % 30.7 140.2 25.12 3439 26.87 98.71

Table 2. Harmonic components of current in the neutral wire of the network under various operating modes

Effective values of the harmonic components of the network neutral wire current
Mode
[n(l) 1n(3) [O(l) [n
B =0.81, QF off 0.295 0.420 0.098 0.521
B=0.93, QF on 0.226 0.322 0.075 0.400
B =129, QF off 1.911 0.480 0.637 1.972
B=1.44, QF on 0.107 0.336 0.036 0.391
B=1.31, QF off 2.938 0.531 0.979 2.987
B=1.55,QFon 0.391 0.290 0.130 0.493

work model. The coefficients of third harmonic volt-
age component K3, ranged from 0.27 to 0.92%, and
coefficients of the third harmonic component of the
current K ranged from 2.62 to 9.22%.

Before connecting transformer T2 to the network
model (first experiment) with load factor B = 0.81,
Kyy= 0.31%, K,y = 2.62%, K,y = 12.99%, K,; =
19.62%, and K, ; = 30.7% instantaneous voltages
and currents of the most significant harmonics in the
network section with resistance Z,; from supply trans-
former T1 to the connection point of transformer T2:

u, = 302.29sin(wr) + 0.92sin(3w? + 102°) B;

u, = 302.84sin(mwt —123°) + 0.85sin(3w? — 96°) B;
u;, = 285.88sin(wr +118°) + 2.01sin(3w¢ — 73°) B.
i = 2.46sin(mf — 50°) + 0.24 sin(3wr — 20°) A;
i, = 2.97sin(wt —177°) + 0.18sin(3w? — 39°) A;
iy = 2.65sin(wf + 65°) + 0.20sin(3wr — 40°) A;

RUSSIAN ELECTRICAL ENGINEERING  Vol.94 No.

i, = 0.42sin(mwf — 56°) + 0.59sin(3wr + 149°)A.

After turning on the QF circuit breaker (second
experiment), the load factor increased to = 0.93 due
to the additional connection of transformer T2.
Changes in other coefficients in this operating mode
are presented in the third column of Table 1.

Connecting transformer T2 with the same phase
load of the network model led to a change in the cur-
rents in the linear and neutral wires:

u, = 302.13sin(w?¢) +1.90sin(3ws +131°) B;

u, =306.06sin(w? —124°) + 0.33sin(3wz — 40°) B;
uy = 284.92sin(wr +117°) +1.77 sin(3wr — 50°) B.
i = 3.20sin(w7 —62°) + 0.17sin(Bw? + 44°) A;
i, = 3.44sin(wr +179°) + 0.23sin(3wr + 104°) A;
iy = 3.10sin(®? + 59°) + 0.13sin(3ws + 102°) A;
i, = 0.33sin(w¢ +15°) + 0.45sin(Bwr — 97°) A.
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Fig. 2. Oscillograms of currents during initial network loading with 3 = 1.29 before turning on transformer T2.

After connecting transformer T2 to the network
model, the currents of the first and third harmonics in
the neutral wire decreased by 1.3 times. At the same time,
the initial phases of the third harmonic currents changed
in both linear and neutral wires. The effective value of the
current in the neutral wire at the input of transformer T1
decreased from 0.521 to 0.400 A (Table 2).

The phase voltages remained virtually unchanged.
So, in the future, attention will be paid to changes in
the currents of the most significant harmonics.

At the next load with B = 1.29 (third experiment)
and transformer T2 turned off, the current equations
in the network model for the most significant har-
monics were described by the expressions

i, = 3.05sin(of — 54°) + 0.23sin(3or — 35°) A;

i, = 3.82sin(of + 177°) + 0.12sin(3or — 31°) A;
iy = 5.57 sin(of + 64°) + 0.35sin(30f — 30°) A;
i, = 2.70sin(of — 98°) + 0.68sin(3e¢ + 151°) A.

Oscillograms of these currents are shown in Fig. 2,
while the coefficients characterizing the asymmetry
and nonsinusoidality of the considered network oper-
ating mode were K,y = 0.35%, K,y = 4.2%, K,; =
22.34%, Ky, = 13.76%, and K,,;) = 25.12%.

Connecting transformer T2 (fourth experiment)
led to an increase in load to 3 = 1.44 (Table 1) and the
following equations for currents:
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i =4.4sin(owf —72°) + 0.14sin(3wr + 64°) A;
i, = 4.03sin(wr —169°) + 0.35sin(Bwr +117°) A;
iy = 5.58sin(wf + 61°) + 0.17sin(Bw? + 27°) A;
i, = 0.15sin(wr +172°) + 0.52sin(3wr — 97°) A.

Analysis of the data in Table 2 shows that the main
harmonic current in the neutral wire, due to the inclu-
sion of transformer T2, decreased by 1.911/0.107 =
17.86 times; the third harmonic current in the neutral
wire, by 1.43 times; and the zero-sequence current at
the fundamental frequency, by 17.69 times.

As follows from the oscillograms in Fig. 3, in the
neutral wire the third harmonic of the current prevails,
which accounts for almost 86% of the effective value of
current /,,.

The effective value of the current in the neutral
wire at the input of transformer T1 decreased from
1.972 t0 0.391 A (Table 2), that is, by five times.

The most significant was the decrease in coeffi-
cient K from 22.34 to 1.01%, that is, by 22.1 times.
The shapes of the phase current and voltage curves
deteriorated slightly; however, the third harmonic
component in the phase voltage curves decreased.

With a further increase in the asymmetrical and
nonsinusoidal load ( = 1.31, fifth experiment) before
connecting transformer T2, the following currents
were obtained:
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Fig. 3. Oscillograms of currents in a network with connected transformer T2 at 3 = 1.44.

i = 2.71sin(of — 57°) + 0.19sin(30r — 48°) A;
iy, = 2.92sin(f — 164°) + 0.24sin(3or + 7°) A;
iy = 7.50sin(of + 63°) + 0.38sin(3or — 17°) A;

i, = 4.16sin(w? — 120°) + 0.75sin(30r + 163°) A.

The main contribution to the current load of the
neutral wire of the network at B = 1.31, K, = 0.38%,
K,y =4.88%, Ky =26.74%, K;;= 30.67%, and K},,3, =
26.87% remains with fundamental frequency current.

After connecting transformer T2 to the network
model at the same load (sixth experiment), the follow-
ing values changed: B = 1.55, Ky, = 0.34%, K, =
491%, Ky = 2.89%, K, = 33.60%, and K, =
98.71%. The most noticeable downward change, from
26.74 to 2.89% (that is, by 9.25 times), was found in the
zero-sequence current asymmetry coefficient. Phase
currents i; and i, increased slightly due to an increase in
the fundamental harmonic current component:

i, = 4.51sin(of — 82°) + 0.20sin(Gor + 117°) A;
iy = 4.53sin(of — 149°) + 0.38sin(3or + 114°) A;
iy = 7.73sin(of + 60°) + 0.28sin(30r — 25°) A;
i, = 0.55sin(of +171°) + 0.41sin(3wf — 91°) A.
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In the neutral wire, the effective value of current i,
decreased by six times, while the fundamental har-
monic current decreased from 2.938 to 0.391 A (by
7.5 times) and the third harmonic current from 0.531
to 0.29 A (by 1.8 times). As follows from the above
equations for the operating mode under consideration,
after connecting transformer T2, the components of
the main and third harmonics of the current in the
neutral working wire became comparable due to the
reduction of the zero-sequence current by the basis of
the harmonic (Table 2).

CONCLUSIONS

(1) Transverse connection of a transformer with a
“double zigzag with zero output” winding connection
diagram to a three-phase four-wire network with an
asymmetrical nonlinear load reduces the current load
in the neutral wire in the network section from the
point of connection of the transformer to the power
source. Moreover, with an increase in the asymmetri-
cal nonlinear load on the line, the effect of reducing
the current in the neutral working wire manifests itself
to a greater extent due to a decrease in the currents of
the fundamental and third harmonics.

(2) Connecting a transformer with a “double zigzag
with zero output” winding connection diagram leads
to a decrease in the zero sequence of the fundamental
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harmonic on the current line, with the degree of
reduction depending on the nature of the load.

(3) Connecting a transformer with a “double zigzag
with zero output” winding connection diagram leads
to a decrease in the third harmonic in the neutral wire
of the current line. The degree of reduction also
depends on the nature of the load.

(4) The results obtained on the physical model can
be recommended for use in 380-V electrical networks
with an asymmetrical nonlinear load.
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