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ABSTRACT

A transient overvoltage incident at the transformer terminal generates high-frequency voltage fluctuations
that have negative impacts on the transformer. These oscillations may cause damage to the insulation of transformers.
It is difficult to restore, and repair these serious problems. Therefore, overvoltage protection for the transformers is
essential. This paper pointed out that the interleaved disk winding has a larger capacitance than that of continuous
disk windings. Therefore, the use of interleaved disk winding has the effect of making the voltage distribution
on the winding wheels more even and increasing the overvoltage resistance of the transformer. In addition, the
value of the voltage at each position of the winding when lightning impulses on the transformer terminal and the
voltage distribution on the interleaved disk winding at the time when the lightning impulse has maximum value
are also presented in the article. On that basis, the effectiveness of using the interleaved disk winding method in
the transformer will be analyzed in detail.

Keywords: Over voltage, interleaved disk-type winding, transformer, lightning strike, capacitance.

1. INTRODUCTION At industrial electrical frequencies, the

Among the types of transformer fauls, the role of capacitive elements is negligible and

fault caused by overvoltage is the most
serious, difficult to fix and repair. Atmospheric
overvoltage usually occurs in a very short
period of time, but the voltage applied to the
terminal has a great amplitude and slope values
which are very dangerous for the transformer
windings. Therefore, the overvoltage protection
for transformers becomes an urgent issue in the
process of designing, manufacturing, testing
and operating transformers.! The methods of

often ignored. When a voltage pulse acts on the
terminal of the transformer windings, which
contains high-order harmonic elements, the role
of the capacitive elements becomes much more
significant.’> At this time, the voltage acts on
the winding terminals are greatly reduced on a
few first gallet. Therefore, these gallets usually
increase the insulation or they are connected in
parallel with an equipotential electrode known
as a capacitive ring.*>

overvoltage protection used today are discharge The capacitive ring works to increase
electrodes, lightning arresters or capacitive the capacitance of the winding at the terminal
rings.’ position. However, with large capacity

*Corresponding author.
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transformers, high voltage and high production
costs, it is also necessary to increase the
capacitance value of the inner coils. That is the
method of interleaved disk winding.>¢

The paper calculated the series and
parallel capacitance of types of continuous
disk windings and interleaved disk windings
when they are of the same geometric size. The
results showed that the interleaved disk winding
has a greater capacitance than continuous
disk winding. Furthermore, the paper used the
equivalent circuit model and the state variable
method solved on Matlab Simulink software
to determine the voltage distribution across the
nodes of the winding at the time when the value
of lightning impulse voltage is maximum. The
distribution of the voltage on the interleaved
disk winding at the moment when the lightning
impulse is maximum value is also determined by

this measure.
2. BUILDING MODEL OF THE WINDING
2.1. Initial voltage distribution

When a voltage pulse acts on the terminals of
the transformer winding, the voltage at the initial
time distributed in the windings depends on the
capacitance between the rings, the capacitance
between the winding wheels, the capacitance
between the windings each other and between
the windings and ground.” The inductance
and inductor of the winding have no effect
on the initial voltage distribution. Therefore,
inductance does not allow current to flow and
the voltage distribution is determined by the
capacitive network. When the impulse voltage
remains for a sufficiently long time (50 - 100 us),
current begins to flow through the inductance
significantly. Eventually, this forms a stable
voltage distribution. Thus there is a difference
between the initial voltage distribution and the
stable voltage distribution, the values of voltage

are shown in Figure 1.4

t | f — -
100 80 60 40 20 0

Point %Winding length Neutral point

a) Initial voltage distribution; (b) The stable voltage distribution;

(c) Maximum voltage

Figure 1. Voltage distribution in the winding'+*

In Figure 1, it is seen that at the beginning,
the voltage drops suddenly at a point about
20% of the length of the winding, then slowly
decreases in the rest. Hence the intensity of
electrical current between the first gallets of the
windings (2 - 5 first gallets) is much greater than
that between the rest of the gallets. In addition,
there are times when the maximum voltage
value at a certain point on the windings are
greater than the applied voltage. Therefore, in
order to increase the ability of overvoltage of
the windings, it is necessary to make the initial
voltage distribution closer to the stable voltage
distribution.®

Figure 2. Capacitance current distribution of single-

layer winding

The voltage distribution across the rings
now depends on the capacitance value of the
windings (between windings and ground or
between the rings).

Where, C_ is the sum of the series
capacitance between the rings and the capacitance
between the gallets or the capacitance between

Journal of Science - Quy Nhon University, 2021, 15(1), 85-94 | 87



SCIENCE

QUY NHON UNIVERSITY

parts of the winding; C. is the sum of parallel
capacitance between the windings and steel
core, the capacitance between the windings and
the machine shell.

The initial voltage distribution was
determined by the distribution coefficient:**

a= [ (1)

For different values of a, the initial voltage

distribution is shown in Figure 3.

1 08 06 04 02 . 0 1 08 06 04 02 0
Point *“Neutral point Point * Neutral point
a) Neutral groud b) Neutral insulating groud

Figure 3. The initial voltage distribution'*

The coefficient o indicates the deviation
of the original voltage distribution line from the
stable voltage distribution line. The higher the
coefficient a is, the larger the difference is. In
order to reduce the distribution coefficient a,
there are two ways. One solution is that the value
of Cpa must be decreased, and another one is that
the value of C_ must be increased. However,
the reduction of value in Cpa involves varying
the spacing between the strings, which is often
fixed by early design requirements. Therefore, it
is common to choose to increase C_ by changing
the winding method. The method of interleaved
disk winding is an effective method used today.®

Figure 4. A pair of gallets of interleaved disk winding

Figure 4 shows a simple interleaved disk
winding model, consisting of a single 2-gallet

circuit, 8 turns per gallet, the number of turns per
gallet equivalent to a spiral winding. However,
the performance of winding the interlacing
pattern is more complicated because welding is
required on each pair of gallet and the insulation
between the coils of the winding is also required
higher.

2.2. Calculating parallel capacitance

The parallel capacitance between the gallets and
the steel core is the capacitance of a cylindrical
capacitor with one side being the innermost ring,
the other side being the steel core. This capacitor
is filled with two dielectric zones, the insulating
paper and the transformer oil. Applying the
formula to calculate the capacitance of the
capacitor in a homogeneous atmosphere the
capacitance between two concentric wires, or
between the inner coils and the steel core is
calculated as follows:*®

— Cins'Coil (2)
" Cins + Coil
with Cins = 80‘8ins anh (3)
D_h
and C, =¢,.€ TCd = 4)

Where,

D_ is the mean diameter of the gap
between the two windings

doil and dinS are the thickness of the oil

and the insulation between the two windings,
respectively

h is the height of the wire wheel in the
axial direction

&, &, and g are the dielectric constants
of the vacuum, the oil and the insulation paper,
respectively.

These dimensions are shown in Figure 5
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Figure 5. Cross-section of inner winding and core
From (3) and (4), we have:

_ SOTEDmh (5)
o d d

—ins | oil

8ins Soil
The formula is used to determine the
capacitance between the outer winding and one

side of the transformer’s shell:

C — 8OTcI)mh dml +dms (6)
P a8 dy dy
cosh™ (—)| - 4ot
R ins Soi]
Where,

h and R are the heights and radius of the
winding, respectively.

s is the distance from the center of the
wire to the shell.

2.3. Serial capacitance calculation
2.3.1. Series capacitance in continuous disk
winding

Similar to the calculation of parallel capacitance,
the axial capacitance between two physically
adjacent gallets is the capacitance of three
capacitors connected in series as shown in

Figure 6.41°
Gallet 1
i Cin
777777777777777777777777777777777777 :ﬁoil Coil
j qins Cins
|| Gallet 2

Figure 6. Capacitance between two gallets

The capacitance between coils is
calculated by the formula:

80 gmsanh (7)
v 2dms

The capacitance of the capacitor, which
the dielectric is the insulating paper and the
transformer oil, is calculated by the formula:

g,mD_R
C. =_20""m> 8
o 2'dms doil ( )
sins Soil

Where R is the radial thickness.

Assume that C,, and C, are capacitance
between physically adjacent turns and between
two opposite turns of a pair of gallets as shown
in Figure 7.

ICEENEY EN R L
] o B ;I4FI —4;I4F—~

Figure 7. A pair of gallets in continuous disk winding

The total series capacitance of a pair of
gallets is:
(N-D)2N-1)C,

N )

C
C,=—L(N-1)+
se 2N2( )

C
or A

(10)

se

2.3.2. Series capacitance in interleaved disk
winding

With the interleaved disk winding shown in
Figure 4, the voltage acts on N (turns of a gallet)
is V/2, and the voltage acts on (N-2) (turns of
a gallet) is [(N-1)/2N]*V, the total energy in
gallets is [2]:

1 VY 1 N-1_ Y
E =—C,|—| N+=-C,| —V | (N-2) (11
L) V(z) 2 V(ZN J( ) (1)

. . 1
In addition to this: E, =—=C,,V’
2

Therefore, we have:

€= S {N{N - 2)}
4 N
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If N >> 1, the series capacitance between
the two wire wheels is:

C
Cse :Cth ZTV(N_I) (12)

2.4. Calculation of inductance between the
rings

The formula for calculating the inductance
between two rings have the small cross-section,
coaxial is calculated by [3] [4]:

L= %NA.NB\/RARB {{1-1‘2—2}K(k)-E(k)} (13)

Where,

(o [ ARGR,
(R, +R,)*+S
R,, R, are the radius of the two winding A
and B, respectively

S is the distance between the two rings

N, and N, are the number of winding A
and wingding B, respectively

K(k) and E(k) are complete -elliptic
integrals of types 1 and 2.

3 do : / :
K(k) = [———— and E(k) = | +1-k’sin’0 d6
© l VI-K’sin’ !

Ra

I B
-

Figure 8. Cross section of two coaxial rings

3. CALCULATION OF
DISTRIBUTION

VOLTAGE

3.1. Equivalent circuit model

The equivalent circuit model of the transformer
windings is depicted in Figure 9. Conductor
G has an extremely small value and does not
affect the initial voltage distribution, because at
the initial moment the current flowing through

the inductor is almost zero, only current flows
through capacitance.

Figure 9. Equivalent circuit of the windings

The equivalent circuits include the
following components:

C,, is the series capacitance between the
wire wheels,

Cpa is the parallel capacitance between the
wire wheels,

L, Lij are the inductance of the wire
wheels and the mutual inductance between the
wire wheels, respectively,

G is conductance of the wire wheels.

Considering of an transformer with
following parameters, S =2.200 kVA —22/0.4 kV.
Wire wheel dimensions (in centimetres) of this
transformer are shown in Figure 10.

D =300

N
13.2

733

Figure 10. Surveyed transformer’s dimensions of

wire wheel

Using equations (2), (10) and (12) to
calculate for transformer whose parameters are
supplied in Figure 10, obtained results are shown
in Table 1.
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Table 1. Parallel and series capacitance

Csec.w C .
(Series seiw
. (Series
pa capacitance capacitance
Obtained (Parallel ina P i
results | capacitance) | continuous | .
. interleaved
disk .
L. disk
winding winding)
type)
Cap*z‘;l;ance 0.551*107 | 1.46*107 | 36.0%107

Similarly, using equation 13 to calculate
for transformer whose parameters are supplied
in Figure 10, results calculated by Matlab/
Simulinks software are shown in Table 2.

Table 2. The inductance of the wire wheels and the
mutual inductance between them (the unit of measure
is the Herry)

L, =5.1957%10° |L, =2.1926%10% |L,,=1.5060%10°

L ,=3.6287%10° |L, ,=1.9575*%10° L  =1.4076*10°

L, ,=29391*10° |L,,=1.7733*10° |L = 1.3262%10"

L,,=25033*10° |L _=1.6258*10° |L, = 1.2584%10°

3.2. Calculation of voltage distribution by the
state variable method

SR .
BT

Cse Cpa—s DG Cse

T

Figure 11. Any node from an equivalent circuit
Choose arandom node from the equivalent
circuit shown in Figure 11.

The general equation of the equivalent
circuit is shown as follows [4]:

e (14)
Cy(t)+Gy(t)+I§(t)=0
Where,

C is the node capacitance matrix,

G is the node conductance matrix,

[ is the inverse node inductance matrix,

$(t) is the voltage vector at the nodes.

The relationship between the node
matrices and the branch matrices i1s shown as

follows:
C=Q.C,Q! (14a)
G=Q,G,Q; (14b)
=Q.LyQ; (14c)

Where, Q, Q, and Q, are interdependent
matrices between the node and branch with
capacitance, inductance and conductivity.
C., L,, G, are the branch capacitance matrix,
inductance matrix and branch inductance matrix,
respectively.

3.2.1. State variable model

The system of equations of state variables
describing the voltage distribution in the
transformer is shown in Equation 15

X(t) = AX(t) + Bv(t) (15)
y(t) = FX(t) + Dv(t)

Where,
X (t) is state variable vector,
A, F are constant coefficient matrix,

F, D are column matrix of the constant
coefficients,

v (t) is input pulse voltage vector,
y(t) is output node voltage vector.
3.2.2. Input voltage block

The voltage applied to the winding terminals
is assumed to be a standard lightning impulse
voltage 1/50. This is the most common type
of lightning wave and causes many problems
for lines and transformer stations. The values
of lightning impulse voltages are expressed
algebraically as follows:

X(t) — 1,0167U(670,01423l _676,609“) (16)
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Figure 12. Lightning impulse voltage stimulating block
To build the input voltage model, blocks in =
. . Scope
the Matlab/Simulink software are used. The
output of the block model (Figure 12) is the unit Scope>
lightning impulse voltage value. This result is
. . Scoped
shown in Figure 13. Scopel 0
1.0 Scopes
0.9
0.8 Scapes
0.7 Oul > ’;i}’éﬁ%‘é
_064 Seope?
[}
0.5 —— -]
[= Lightning State-Space Scope8
%04
0.3 Scoped
0.2
0.1 Scopeld
®%+060 1ED05 2E-005 3E-005 4E-005 5E-005 6E-005

Time (micro seconds)

Figure 13. Type of output voltage of lightning
impulse block

3.2.3. Simulation model

Parametric matrices A, B, F, D in the system of
equations 15 are solved by matlab programming
code. State-Space blocks and sub-blocks are
also built on Matlab Simulink software. The full
simulation diagram is shown in Figure 14.

Scopel2

Figure 14. Full block diagram in Matlab Simulink
software

The simulation diagram in the Matlab
Simulink software (Figure 14) is used to determine
the voltage distribution on both continuous disk
windings and interleaved disk winding.

3.2.4. Obtained simulation results for continuous

disk winding

Table 3. Voltage values at 12 nodes on continuous

disk winding
Node 1 | Node 2 | Node 3 | Node 4 | Node 5 | Node 6
1.0000 | 0.3023 | 0.0906 | 0.0275 | 0.0076 | 0.0021
Node 7 | Node 8 | Node 9 |Node 10| Node 11 [ Node 12
0.0007 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0002
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The obtained simulation result of the
voltage at node 2 of the continuous disk winding
is showed in Figure 15.

1.0
0.9

0 5 10 15 20 25 30 35 40 45 50
Time (micro seconds)

Figure 15. The voltage at node 2 - Type of continuous
disk winding

Similarly, Table 3 shows the simulation
results of voltage values at the remaining 11
nodes at the time of 50 us. The voltage pattern at
the nodes is the same and has a value decreasing
with the length of the winding. To find out the
rate of decline, the values of voltage at the nodes
at the same time to be 1 ps (the time when the
voltage impulse reaches its maximum and is
the most dangerous) are simulated by Matlab/
Simulink software. These voltage values are
shown in Table 3.

The voltage values at the 12 nodes are
shown in Figure 16.

10
0.9
0.8
0.7

5064

=

S04
0.3
02
0.1

03731 5 & 7 8 8 10 1T 12
Winding Length (Node1 - 12)

Figure 16. Voltage distribution at the 12 nodes at the
time 1pus - continuous disk winding

Figure 16 shows that the initial voltage
distribution of a continuous disk winding is in
the form of a hyperbolic line which is different
from the established voltage distribution line
(straight line). The voltage has a very large
value at the winding area between node 1 and
node 2 (70%), this is the first gearing position.
The rest of the winding is focused on 30% of
the voltage. Uneven voltage distribution over a
short period of time at the moment of transition
causes insulation breakdown and failure in the
transformer.

3.2.5. Obtained simulation results for interleaved
disk winding type

Conducting the simulation for the case of
interleaved disk winding type, the values of output
voltage at the nodes depicted in Figure 17.

1.0
0.9
084

<07

Q 1

8064

E 3

=05

o

0.4

g ]

302
02
0.1
0.0

0 "5 10 15_ 20 25 30 35 40 45 50
Time (micro seconds)

Figure 17. Voltage values at node 1 - Interleaved disk
winding

Similarly, voltage values at the remaining
11 nodes are shown in Table 4.

Table 4. Voltage values at 12 nodes on interleaved

disk winding

Node 1 | Node 2 | Node 3 | Node 4 | Node 5 | Node 6

1.0000 | 0.7765 | 0.5968 | 0.534 | 0.4366 | 0.3023

Node 7 | Node 8 | Node 9 |Node 10| Node 11 | Node 12

0.213 | 0.1326 | 0.112 | 0.0856 | 0.0501 | 0.0324

The voltage values at the 12 nodes on the
winding are shown in the graph in Figure 18.

Journal of Science - Quy Nhon University, 2021, 15(1), 85-94 | 93



SCIENCE

QUY NHON UNIVERSITY

1.0+
0.9
0.8
071
=06 —
o]
[}] ]
8%

S04

031
024
0.1

OO 3T TTE TR g TY
Winding Length (Node 1 - 12)

10 11 12

Figure 18. Voltage distribution at the 12 nodes at the
time 1us - interleaved disk winding

Figure 18 shows that the initial voltage
distribution of the interleaved disk winding is close
to the linearly stable distribution line. Compared
with continuous disk winding, the voltage
distribution on interleaved disk winding is better.

4. CONCLUSION

The paper used the state variable method solved
on Matlab Simulink software to determine the
voltage distribution across the nodes at any time
and the voltage distribution across the winding
at the time the lightning pulse voltage reaches its
maximum value.

The paper has presented visual comparison
results of the voltage distribution across two
windings - disk winding and
interleaved disk winding. The results showed
that the interleaved disk winding method has
an initial voltage distribution close to that of
a linearly stable distribution line. This means
that the voltage distribution on the interleaved
disk winding is more uniform than that on the
continuous disk winding.

continuous

Compared  with  capacitance-related
methods: using a capacitive ring, an electrostatic
membrane, or adding capacitors to the winding,
the interleaved disk winding method is much
more effective in terms of improving the initial
distribution voltage on the winding. Therefore,
this method is commonly used for transmission
transformers which are frequently affected by
high voltage impulses or switching transients.
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