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There are cases of change in values during the process of exposure and
distribution of electric current when the voltage in the
autotransformer changes. Therefore, we study the distribution and
characteristics of the current in the lattice homogeneous mode. It is
important to study the effect of electric current on autotransformers in
the process of studying the losses generated in them, as well as in
transient processes. When operating power autotransformers that
have become widely used in networks of 220 kV and higher, it is often
necessary to deal with open-phase modes caused by disconnections of
one or two phases in the case of short circuits or in the ca se of single-
phase repairs. This leads to asymmetry of the voltage of
autotransformers, which affects the quality of power supply to
consumers. For the autotransformer itself, an open phase operation
can be dangerous with respect to overloading of individual windings.
The presence of an electrical connection between high and medium
voltage causes the specifics in the analysis of their operating modes. In
addition, while the theoretical analysis and the general approach to the
calculation of asymmetrical modes of two-winding transformers are
currently considered in sufficient detail, the task of analyzing the
asymmetrical operating modes of three-winding autotransformers
remains important. An approach to the calculation of autotransformer
and combined asymmetrical operating modes of power
autotransformers has been developed on the basis of the method of
symmetrical components. The proposed model and obtained analytical
expressions allow one to determine the currents and voltages of the
phase windings of the autotransformer in a variety of asymmetrical
modes of operation on the basis of a unified approach.
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INTRODUCTION.

When operating power autotransformers that have become widely used in networks
of 220 kV and higher, one often has to deal with asymmetrical modes of operation caused
by a short shutdown of one or two phases during short circuits or a longer shutdown during
single-phase repairs. Such modes can also occur at open-phase shutdowns of the
autotransformers or at their single-phase switching. In some cases, for a group of single-
phase autotransformers in the case of emergency disconnection of one phase, it may be
permissible to work in two phases. In this case, installation of a backup phase is not
required, especially if there are two groups of single-phase autotransformers at the
substation [1]. Open-phase modes lead to voltage unbalance of autotransformers, which
affects the quality of power supply to consumers. For the autotransformer itself,
asymmetrical operation can be dangerous with respect to the overload of individual
windings. The presence of an electrical connection between high and medium voltages
determines the specificity of the analysis of the modes of their operation. In addition, while
the theoretical analysis and the general approach to the calculation of asymmetrical modes
of two-winding transformers are considered in sufficient detail, the task of analyzing the
asymmetrical modes of operation of three-winding autotransformers remains important.

Most often, power autotransformers are used to connect electrical networks with
voltages of 110, 220, 330, and 500 kV on the high- and medium-voltage sides. In this case,
in addition to series and common windings with electrical connection, power
autotransformers, as a rule, have tertiary windings of low voltage (LV), connected in a
triangle. These windings compensate for the harmonic components of voltage and EMF,
multiples of three, and can be used to communicate with the power grid of the lower voltage.
Rated power of winding LV UL is less than rated power of the autotransformer Sra: and
cannot exceed the value of common power Scom.

Despite the appearance in recent years of effective numerical methods for calculating
electromagnetic devices, the analysis of asymmetrical modes of power transformers is
usually carried out on the basis of the method of symmetrical components. The main
advantage of this approach is the possibility of using equivalent circuit of reduced
transformers for currents of different sequences and carrying out calculations using simple
analytical formulas. In this case, the analysis of many asymmetrical modes can be carried
out using reference parameters of transformers. The main disadvantages of the method of
symmetrical components are low accuracy, mainly due to the assumption that the magnetic
circuitis linear and that the parameters of the magnetizing branch of the replacement circuit
are constant.
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MATHEMATICAL MODELING OF ASYMMETRICAL OPERATING MODES
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Fig. 1. Wiring diagram of the windings of a single-phase

autotransformer. Fig. 2. Equivalent circuit of the autotransformer phase.

As is known [2], the calculation of symmetrical three-phase circuits is carried out “for
one phase.” The connection diagram of the windings of one phase of a three-winding
autotransformer is shown in Fig. 1. Here, as in the general theory of three-winding
transformers, the following designations of phase magnitudes are adopted Uy, Um and Uy,
are phase voltages of the windings of the highest (HV), medium (MV), and lowest (LV)
voltages; Iy, Im, and Iy, are phase currents HV, MV, and LV; Wx= Ws + W¢ is the number of
turns of the high-voltage winding; Wu= W¢ is the number of turns of the MV winding; and
W is the number of turns of the LV winding.

If we neglect the magnetizing current of the autotransformer, the connection between
currents Iy, Iv, and I, will be determined by the equation

Wsly + Wele + Wi I, =0, (1)
moreover,
Ie = Iy + Iy (2)

When analyzing symmetrical modes, the phase of the autotransformer is represented
by the equivalent circuit [3], the form of which is no different from the equivalent circuit of
the phase of a three-winding transformer (Fig. 2), while the magnetizing current is usually
neglected. Since in the equivalent circuit all magnetic (transformer) connections are
replaced by electric ones, the voltages and currents from the MV and LV side usually lead to
the number of windings (voltage) of HV:

Uy = Unkuw, UL, = Urky,  (3)
; .1
Iy = IM%,IL = ILk—HL,

U U . . . . .
where ky, = 2% and k;,; = 22 s the transformation ratios of a three-winding

M.rat UL.rat
autotransformer.

Parameters of the equivalent circuit, Zy, Zm , and Zi, (Fig. 2) can be easily determined,
for example, by the formulas of [4], using reference data [5]. To exclude overloads of the
autotransformer windings, the modes, in which the phase currents of series [ S=IH, common
windings Ic, and LV windings 1. of the autotransformer will not exceed their rated values,

are acceptable.
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When using relative units,

In=IL<1I; <keml <q, (4)
where k.o = 1 — ki is the common power factor;
HM
S . . . . .
azﬂ,ICZIH'i'IM:IH‘l'kHMI;VI (5)
Srat

In expression (5), the direction of currents Iy, I, and I,,corresponds to Fig. 1

In the analysis of asymmetrical modes by the method of symmetrical components, the
phases of autotransformers, as well as the phases of transformers, are represented by
equivalent circuits of direct, reverse, and zero sequence. Moreover, the equivalent circuit of
the autotransformer and its parameters for reverse sequence currents are no different from
the direct sequence circuit.
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Fig.3. Combined power transfer mode HV—-MV and HV - LV.

Zero sequence currents and fluxes in autotransformers appear and act similarly to
the third harmonics of the magnetizing current and flux resulting from saturation of the
magnetic circuit. The only difference is that the first change with a basic frequency, while
the second change with a threefold frequency. Power autotransformers are made in both
three- and singlephase forms. In this case, the resistance of the magnetizing branch to the
zero sequence currents in group and three-core autotransformers will be different;
however, if there is a grounded neutral, zero sequence currents can flow in all windings. In
this case, the magnetizing current is a small fraction of the total zero sequence current and
can be neglected. Consequently, when analyzing asymmetrical modes, a simplified
equivalent circuit of the autotransformer can be used (Fig. 2), the type and parameters of
which will be the same for all sequence currents; moreover, for zero sequence currents, the
LV winding will be short-circuited.

Thus, when analyzing asymmetrical modes, each phase of the autotransformer can be
considered independently of other phases. At the same time, to avoid overloading the
windings of expression (4), it is necessary to consider each phase of the autotransformer.

The most common modes of operation of power autotransformers are
autotransformer and combined modes in which HV < MV power flows and, at the same
time, LV & MV or LV & HV occur. In accordance with the principle of compensation [6], the
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network to which the complex power from the autotransformer is delivered can be
represented as the complex resistances of three phases. In symmetrical modes, these
complex resistances are equal; in asymmetrical modes, in the absence of rotating electrical
machines in HV, MV, and LV networks, the systems of equivalent circuits of each circuit that
take into account mutual induction will be the same for the direct and reverse sequences.
However, the complex of equivalent zero sequence resistance in HV and MV networks will
have a different value than for the direct and reverse components, since, unlike the latter,
zero sequence currents are closed along ground and grounding devices. If there are rotating
electrical machines in the networks, the equivalent complex resistances will be different for
all symmetrical components.

It follows from the above that, if the phase resistances of the circuit are different and
do not change for currents of different sequences, then the calculation of such a circuit can
be carried out for each phase separately with respect to total currents and voltages, without
decomposing them into symmetrical components.

The normal modes of operation of networks with a voltage of 220 kV and higher are

symmetrical modes. Long asymmetrical modes arise when line and phase wires are broken.
When this happens, the load phase resistance in the general case will be different for the
currents of direct, reverse, and zero sequences.
Consider the combined power transfer mode in autotransformer (HV — MV) and
transformer (HV — LV) ways. The connection diagram of the autotransformer windings and
load resistances in this mode is shown in Fig. 3. We will assume that a symmetrical system
of phase voltages of the direct sequence, Uy, Uyg and Uy is connected to the phases of the
HV winding. A symmetrical load with corresponding resistances and is connected to the
autotransformer on the sides of the MV and LV.

Consider the case in which the parameters of the autotransformer and the load have
the following values in relative units:
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Values of the currents in the windings of the autotransformer and the

Operation neutral (p.u.)

mode Iya Iyp Iyc Ica Icp Iec I1q Ipp Ip Iy
Symmetric | 0,9 0,9 0,9 0,2 0,2 0,2 0,4 0,4 0,4 0
al 98 98 98 34 34 34 11 11 11
Disconnect | 0,5 1,1 1,1 0,5 0,5 0,5 0,5 0,3 0,3 1,3
ion of the |91 9 24 91 4 83 91 24 34 75
line wire of
phase
A on the
MV side
Disconnect | 0,7 0,9 1,1 0,7 0,5 0,3 0,3 0,3 0,6 0
ion of the |72 37 13 93 29 3 43 43 86
line wire of
phase
AontheLV
side
Disconnect |0 1,3 1,3 0,3 0,5 0,4 0,1 0,4 0,5 1,0
ion of the 53 49 5 76 2 75 67 6 09
line wire of
phase
A on the
HV side

The currents are expressed in fractions of the rated currents of the series

Srat kcomsrat SLrat
I =—1 ) common (1 =—=""%) and HH (I = —
( Srat V3UHrat ’ Crat V3UMrat ’ Lrat V3ULrat

rated currents of these windings in relative units: Is=Is=1, I, = k.,,,, and I, =q.

Uy =Uysa=Lkyy=2,aa=05,Zgy =0.048 +J0.12, Zgy = 0.048,and Zy, = j0.22C.
Load resistance for direct, reverse, and zero sequence currents: Z,, = 1.2 4+ J0.8,Z,,, =
0.05+0.11,Zy,, = 0.05+J0.05,Z,, = Z, = 1.41 + j1.41,and Z;; = 0.06 + jO.2.

In this case, for the mode in question, we take the directions of the currents f,(,, and

)windings, with the

I, opposite to the corresponding directions in Fig. 2.
SYMMETRICAL MODE
For the symmetric mode, from the calculation of the equivalent circuit (Fig. 2),
taking into account the load resistances, we obtain

I, = Un = 0,998¢ /43
H Z + (ZKM + ZM)(ZKL + ZL) ’ ’
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(Zk, +Z1)
Zym Y Zy +Zg + 7,
I =1y -1, =0411e775%,
I = Iy — kyyly = 0,234e775%,

Thus, in the symmetrical mode, the serial winding is loaded with almost rated
current (Is= Iy= 0.998), while the LV winding and the common winding are loaded with
currents less than rated. The effective values of the currents in the windings of the
autotransformer for this mode are given in the Table 1.

RESULTS.

Consider the operating mode of three-circuit autotransformers with HV, MV and LV
windings (Fig. 2).

it = I, = 0,597e7/3,

AT HWY = pavy

b)

Figure 2. Distribution of currents in autotransformer circuits in different modes: a, b
- autotransformer modes; c, d- transformer modes; e, f- combined modes.

In autotransformer modes (Fig. 2, a, b), the rated power can be transmitted from the
Snom HV coil to the MV coil and vice versa. In both modes, the difference in currents in the
common winding Ic - IB = Ky ryy I€ passes, so the series and common windings are loaded
with typical power, which is allowed.

In transformer modes (Fig. 2 v, g), power can be transferred from the LV coil to the
MV coil or to the HV coil. It is not possible to load the LV wrap more than the Stun. Mode is
the term of admission of LV — HV or LV — MV is as following:
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Sy < Stip = kusefulSnom (3)

If the Siip is transformed from LV to MV, then it is not possible to transfer additional
power from HV to MV even if the total winding is loaded with the same power and the
winding is not loaded in series. In transformer mode (Fig. 2, g), the common and series
windings are not fully loaded when the stip power is transferred from the LV winding to the
HV winding:

k - S
ly=1I,= usefull] 2R = kusefulIB (4)

therefore, a certain amount of additional power can be transmitted from the MV loop
to the HV (see Figure 2, explanation given for e).

In the combined mode, when the power is transmitted by the autotransformer path
HV — MV and the transformer path LV — MV (Fig. 2, d), the current in the winding series is
as following equation:

P2_|_ 2
ILV=IB=\I BU QB’
B

Where PB, QB — Active and reactive powers transmitted from HV to MV.

Sequential winding load
VB +0F
Sk = (Ug — UC)II(I( = T(UB - Uc) = kusefulSB

From this, it can be seen that even when the nominal power S, = §,,,,,, is transmitted,
the winding series is not overloaded.

The currents in the common circuit are directed in one direction in autotransformer
and transformer modes:

Iy = Iy + Iy
Total winding load
Sgen = Uc(lo + Itn).

After replacing the amount of currents and making the appropriate changes, we get

the following result:

Sgen = \/(kusefulRa + QLV)2 + (kuseful QB + QLV)2 (4')

Where, Pry, Quv — Active and reactive powers transmitted from the LV coil to the MV coil.
Thus, the combined mode LV - MV, HV — MV is limited by the total load and is
allowed under the following conditions

Sgen < Stip = kusefulSnom
The distribution of currents in the combined mode, which transmits power from the
LV and MV windings to the HV winding, is shown in Figure 2, e. In the general winding, the
direction of current in the autotransformer mode is opposite to the direction of the current
in the transformer mode, so the load on the winding can be much smaller than allowed and
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finally zero. The currents in the winding series are interconnected and as a result can
overload it. This mode is limited to serial loading:

S = Fuseru | B+ Q) + Qe+ QR) ()

Where, P, Qc — Active and reactive powers in the MV system;

Prv, Quv is the active and reactive forces on the LV side.

If the following condition is accoplished, the combined mode LV — HV, MV - HV is
allowed:

Sux < Stip = kusefulSnom (6)

There may be other combined modes, i.e., power transfer from MV winding to LV and
HV windings, or operation in deceleration mode by transferring power from HV winding to
MV and LV windings.

DISCONNECTION (BREAK) OF THE LINE WIRE OF PHASE A ON THE MV SIDE

In accordance with [2], this mode can be modeled by the inclusion of three
asymmetrical sources of EMF in the line wires on the MV side. Design schemes for
currents of (a) direct, (b) reverse, and (c) zero sequences of the considered mode are
shown in Fig. 4. In these circuits, the unknown values are currents and EMF E);; E, and
Eo.

In accordance with the method of symmetrical components for two sources of EMF
in phases B and C, we will have

Eyy = a?Eyy + aEyy + Eye = 0, (6)
Eyy = @By + a2Ey, + Eyo = 0,

where a =¢/12%°,

From (6), it follows that

Ey1 = Eyz + Eyo = 0. (7)
When disconnecting the line wire of phase A from the MV side,
Iya = Iy + Iz + Iy = 0. (8)
Taking into account expressions (6)-(8), we obtain

Eyg
) ) . YA
Eyi =Eyp, + Eyo = 1 AiEl 1 9)
+o——+
Zuer  Zuez  Zmeo
Zy, + 714

Eve = )
ME = Tl ke + Zy + 21y

Zyn(Zgy + Z11)

Zgy + Zgy + 214

Zgn(Zg +Z1)

Zyy t Zgy +Z1p
ZguZgy

Zgy + Zyy,

Zygr =Zxm +Zy1 +

Zygz = Zxkm tZyz +
Zygo =Zxkm +Zyo +
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Having determined the EMF E,;; = E,;, + Ej by the formula (9), one can find the
currentsly,, Iy,and Iy,:

I‘ — EME - EMl
M ZMEl ’
I' _ _EMZ
Mz ZMEZ ,

I' — _EMO
Mo ZMEO’

The remaining unknown currents in the diagrams of Fig. 4 are determined by the

formulas
_— UH — EMl - 1.1(/11(ZM1 + Zy1)
a1 = Zun ’
_— —Eno — Iy1 Zxm + Zuiz)
IHZ — ZKH )
_— —EMO - 11(41(ZKM + Zyo)
IHO —_ ZKH J]

i£1 = jHl - izlmriiz = i[{z - iz(/tz;iio = I.II-IO - jfvto.

Knowing the symmetrical components of the currents, it is easy to find the resulting
currents in each winding of the autotransformer. The effective values of these currents
determined by the above parameters are given in Table 1. It follows from the calculation
results, that, in this mode, the currents exceed the rated values in phases B and C of the
series winding, in phases A and B of the common winding, and in phase A of the LV winding.

DISCONNECTION (BREAK) OF THE LINE WIRE OF PHASE A ON THE LV SIDE

In this case, the network operation mode on the LV side will be single phase. In this
case, zero sequence currents in the windings of the autotransformer will not leak. This mode
can be modeled by the inclusion of three unbalanced sources of EMF in the line wires on the
LV side (Fig. 5a). Having performed the transfer of these sources through nodes a, b and c,
we obtain the scheme shown in Fig. 5b. Design schemes for currents of the (a) direct and (b)
reverse sequences of the considered mode are shown in Fig. 6. In these schemes, the
unknown val ues are currents and EMF E; and E,,.

For two sources of EMF in phases B and C (Fig. 5a),

Eyp = a?Epi + aEy, + Eg =0,
E,,=aE  +a’Ep, +Ey =0,
whence it follows that
Ey + Eqp + Ego. (10)
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(a)

Zxy ZKL
o— ] L |
I LI
H1 Zns
Uy Eny Z,
v B i VAYY
C
(b)

(c)
g g
F Zyn Ly
HO
Zym
lf‘m
Eyg

f.;ri 0 l Z"fl 0

Fig. 4. Design schemes for (a) direct, (b) reverse, and (c) zero sequence currents in
the case of wire breakage on the MV side.

For diagrams in Fig. 6, the following ratios hold:
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EaE - Eal(l - a') T _Eaz(l - a,Z)

» L2 T

,(11)

iy =
L1 —
ZaEl ZaEl

where
Zxm + Zya

=U :
T Zkw  Zkm + Zunn
(a)

E
jll_ina
—
it

T
J.;-J:iﬂ].}l
=—]  [la
T

o

- |
_,...!Lin,a d

=1“YW'\
J‘-rLa J‘rll-lrrT !J—“ l
— ".rll_lf'.ltl' b Ea - E“c
—_—
I .
b it A
—_— jll_inc E,; - Eb
-_— c
J‘rLc

Fig. 5. Simulation of disconnecting the line wire on the LV side.

Zyn(Zgm + Zu1)
Zgy + Zgm + Zyt’
ZynZym + Zyz)
Zxy + Zgm + Zyz
When disconnecting the line wire of phase A on the LV side, the linear current is
expressed through the symmetrical components of the phase current:
il,,ina = I.Linal + il,,inaz = \/§Iilej3oo + ﬁlile_j?)oo = 0.

ZaEl =Zg,+7Z,+

Zagy =Zgp +Z15 +

Since
(1-@)e*” = (1 —a?)e 3 =3,
then substituting formulas (11) into the last expression, taking into account (10), we

obtain
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EaEejSOO
. . . Z
Eq1 = Eqz = Eqo = 1ME1 1 .(12)
V3 (70 7)

Zag1r Qg

Having determined EMF values E,;, = E,, by formula (12), currents I;,andl;, can
be found using (11).

The remaining unknown currents in the diagrams of Fig. 6 are determined by the
formulas

(a)
ZxB Zx1
_ -
— le'
Iy,
Zxm ‘
E, (1—a) T
Un
jl
v Il VAT VAR
\ 4
O
(b)

Fig. 6. Design schemes for (a) direct and (b) reverse sequence currents.
Uy = B (1 = @) = I3 (Zgr, + Z11)

ZKH

gy =
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Eqo(1 —o?) —I{; (Zgy, + Zy,)
Zgu ’

H2 —

Iy = Ty — i£1:ill\/lz = ly2 — iiz-

Using the found symmetrical components, it is easy to determine the resulting
currents in each of the windings of the autotransformer. The effective values of these
currents determined by the above parameters are shown in Table 1. It follows from the
calculation results that, in this mode, the currents exceed the rated values in phase C of the
series winding, phases A and B of the common winding, and phase C of the LV winding.

DISCONNECTION (BREAK) OF THE LINE WIRE OF PHASE A ON THE HV SIDE

This mode can be analyzed by analogy with the wire disconnection mode on the MV
side. Turning on three asymmetrical EMF sources into the line wires on the HV side in
accordance with the principle of compensation, we obtain

i = UH —Epyq
T Zyg,
. _EHZ
I, = :
iz Zyg2
I' _ _EHO
Ho ZHEO,
where
Uy
) } . VA
Eyy = Eg; = Eyo = HEL ,
1 N 1 N 1
Zyg1r  Zugz  Zugo

(Zxm + Zy1) Zgr, + Z11)
Zym+ Zur + Zxo + Z11
(Zkm + Zu2) Zg, + Z12)
Zxm+ Zuz + Zxo + Z1o'
(Zkm + Zwno)Zx.
o . Zxm + Zyo + Zyy,
Knowing currents I, Iy, and Iy, it is easy to

Zyp1 = Zgy +

Zyg, = Zgy +

Zyg1 = Zgy +

determine the currents in all windings of the autotransformer. The effective values of these
currents for the considered mode are given in the Table 1. It follows from the calculation
results that, in this mode, the currents exceed the rated values in phases B and C of the series
winding, in the common winding of phase B, and in phase C of the LV winding.

The proposed approach and analytical expressions make it possible to determine the
currents and voltages of the phase windings of the autotransformer in the most diverse
asymmetrical modes of operation using parameters taken from reference data. When using
this mathematical model and the results of calculating open-phase modes, one should
remember that the method of symmetrical components is based on the principle of
superposition, that is, on the assumption that the parameters of the equivalent circuit are
constant, which can introduce a certain error into the results of the calculation of some
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asymmetrical modes of autotransformers.
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