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ABSTRACT The mechanism of overvoltage formation in the breaking process of a dry-type air-core shunt
reactor (DTACSR) is studied in this paper. In addition, the effect of the overvoltage on the interturn insulation
characteristics of the DTACSR is also discussed. Based on the actual working condition of a 66 kV DTACSR
used in the Chinese power system, a three-phase simulation model and an equivalent circuit are proposed.
The maximum chopping overvoltage and reignition overvoltage are obtained through the combination of
theoretical analysis, simulation, and data fitting. An overvoltage accumulation test of the interturn insulation
specimens is carried out with our established test platform, and the characteristic parameters of the interturn
insulation specimens of the DTACSR in different stages of aging are measured. The results show that the
combined method is very effective in evaluating the switching overvoltage of the DTACSR. Compared with
the traditional single-phase circuit model, the proposed three-phase circuit model obtains a more accurate
overvoltage equation. During the breaking process of a DTACSR, a chopping overvoltage with an amplitude
greater than 5 p.u. and a reignition overvoltage with an amplitude greater than 8 p.u. may form. The
cumulative effect of the overvoltage causes aging of the interturn insulation, and the degree of aging becomes

more serious as the amplitude of the overvoltage increases.

INDEX TERMS Dry-type air-core shunt reactor, overvoltage, interturn insulation, cumulative effect.

I. INTRODUCTION
The dry-type air-core shunt reactor (DTACSR) has been

widely used in reactive power regulation due to its compara-
tive technical advantages [1]. As the number and service time
of DTACSRs increase, the failure probability of a DTACSR
increases [2], [3]. Related studies have demonstrated that
the breakdown of interturn insulation has been identified as
the main form of failure [4], [5]. A burning incident caused
by interturn insulation faults would result in a large indirect
economic loss [6]. Although several methods have been pro-
posed for the detection of an interturn insulation fault [7], [8],
the authors did not explain the origin of the interturn insula-
tion fault. Overvoltages usually endanger the safe operation
of interturn insulation and can cause an interturn insulation
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fault [9], [10]. The effect of overvoltage on the interturn
insulation has been taken seriously. As a reactive power com-
pensation device, a DTACSR is switched on frequently. Thus,
switching overvoltages are the most frequent and harmful
overvoltages impacting a DTACSR [11].

Many studies have contributed to the theoretical analysis of
a single-phase circuit of an interrupting shunt reactor [12] and
the simulation of the waveforms and amplitudes of overvolt-
ages [13]. In addition, measurements of overvoltages and the
corresponding current waveforms have been performed in the
laboratory and on site [14], [15]. However, few works have
focused on the theoretical analysis of three-phase circuits for
switching a shunt reactor by a circuit breaker, the influence
of related parameters on the waveforms of overvoltages, and
the effect of overvoltages on the interturn insulation charac-
teristics.
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To switch a reactor, a three-phase circuit breaker operates
at the same time. In this paper, a 66 kV DTACSR and a SFg
circuit breaker in a substation of the Northeast China Power
Grid are taken as a prototype. A simulation model of the
circuit breaker breaking a reactor in ATP-EMTP software and
a three-phase equivalent circuit used for theoretical analysis
are established. Theoretical analysis, a simulation and data
fitting are used to determine the maximum chopping over-
voltage and reignition overvoltage. The effect of the switch-
ing parameters on the overvoltage is considered. In addition,
an experiment on the accumulative effect of overvoltages
is carried out to measure the characteristic parameters for
different aging periods. The mechanisms for the generation
of overvoltages and the failure of the interturn insulation are
discussed in this paper. These mechanisms are very helpful
for improvements in the switching mode and the production
engineering of a DTACSR.

Il. SIMULATION ANALYSIS

A. THE STRUCTURE AND PARAMETERS OF A REACTOR

A DTACSR is mostly designed to have a multiencapsulation
parallel structure, and each encapsulation contains multiple
branches in parallel (see Fig. 1). Generally, the coils of a
DTACSR are made of round aluminum wires with a diameter
of 2 to 4 mm, and the round aluminum wires are surrounded
by three layers of polyester film and one layer of nonwoven
fabric. The materials used between two adjacent windings are
composite insulation made of polyester film and nonwoven
fabric impregnated with epoxy resin.

star frame ————— encapsulatlonj
o= 7 epox
S / — !7 Poxy

spacer—z= y N
— /i i | aluminium

| : wire
| interturn
insulation

encapsulation air passage

FIGURE 1. Structure of a dry-type air-core reactor.

The 66 kV DTACSR in the Northeast China Power Grid
is selected as the object under study, and its main parameters
are shown in Table 1.

B. SIMULATION MODEL

Each parameter is provided by the equipment manufacturer
or estimated according to the actual size of the equipment.

1) BREAKER MODEL

The circuit breaker is an LTB72.5/D1 SFg circuit breaker,
and its working characteristics mainly include the chopping
current value, a high-frequency arc extinguishing ability and
the medium recovery characteristics. The basic parameters of
the circuit breaker are shown in Table 2.
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TABLE 1. Parameters of the BKK-20000/66 DTASCR.

Rated voltage Rated capacity Rated frequency
38.11 kV 20000 kVA 50 Hz
Rated reactance Inductance Winding resistance
72.6 Q 231.2 mH 0217 Q
Encapsulation Encapsulation inner  Encapsulation outer
P diameter (ID) diameter (OD)
11 2.13m 2.95m
Minimum number . . .
of turns Reactor height Installation height
351.85 3.18m 413 m
TABLE 2. Parameters of the circuit breaker.
Rated voltage | Breaking current | Closing speed | Opening speed
72.5kV 40 kA 4.7 m/s 5.4 m/s

The current chop is caused by an arc instability. When the
circuit breaker can suppress the arc discharge, the unstable
arc plasma will be interrupted, and the current will be cut
off before the zero-crossing. The current is usually called
the current chop [16]. The chopping current is determined
by the characteristics of the circuit breaker and the parameters
of the external circuit. The value of the chopping current has
a large dispersibility and is usually estimated as below.

Ich ZX\/a 1

where i, is the chopping current. A is the chopping coeffi-
cient (namely, a circuit breaker characteristic that ranges from
4 x 10* — 20 x 10* for a SFg puffer circuit breaker). C; is
the total capacitance of the external circuit and the circuit
breaker in parallel [17], [18]. In [19], a SF¢ circuit breaker
with a rated voltage of 300 kV was used to switch a 275 kV,
150 MVA reactor in the laboratory. The chopping current of
the circuit breaker was detected to be between 0 and 30 A.
As both the objects studied in this paper and in [19] are a SFg
puffer circuit breaker, the chopping coefficient A has the same
range. Compared with the shunt reactor in [19], the voltage
and capacity of the 66 kV, 20 MVA shunt reactor in this paper
are much smaller, and the stray capacitance is much smaller.
Therefore, the total capacitance C; is small, and the chopping
current is 0-13 A in this paper.

When the current frequency is greater than a limiting value,
the circuit breaker can hardly extinguish the arc regardless of
the other conditions. The limiting value of the current fre-
quency is called the high-frequency extinguishing arc capa-
bility [20]. The high-frequency arc extinguishing capability
of the LTB72.5/D1 SFg circuit breaker is between 50 and
300 A/us, and its value is 100 A/us in this paper.

When the circuit breaker is switched under no-load or
light-load conditions, the change in the dielectric insulation
strength between the contacts is an inherent characteristic
of the circuit breaker, which is called the cold medium
recovery characteristic [21]. The insulation strength between
two contacts of the circuit breaker is closely related to the
contact gap, the insulation medium, the gas pressure, and the
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electric field distribution between the contacts [14]. In [22],
the cold dielectric recovery characteristics of SF¢ gas during
the switching of a 126 kV circuit breaker were studied, and
a test circuit was built to measure the variation in the break-
down voltage with the contact gap of the circuit breaker. The
gas pressure of the circuit breaker was 0.7 Mpa. The oper-
ating temperature was the ambient temperature. The fitting
relationship between the breakdown voltage and the contact
gap distance during the breaking process is defined as below.

{Ub — —0.02d2 +12d — 6.5

2
d = 1000 x vt @

where Uy, is the breakdown voltage, d is the contact opening
distance, v is the contact opening speed, and 7 is time. In the
test, 0 < d < 26 mm. Substituting d = 0 into (2), Uy =
—6.5 kV. Substituting Uy, = 0 kV into (2), d = 0.542 mm.
It is shown that when 0 < d < 0.542 mm, there is a large
error in the breakdown voltage calculated by (2). When the
value of d is small, the amplitude of the reignition overvoltage
is also small, so the influence of the calculation error on the
maximum overvoltage can be ignored. The circuit breaker in
this paper is different from the circuit breaker in [21] by one
voltage level. However, the insulating medium is the same as
SFg, the gas pressure is 0.7 MPa, and the same electric field
distribution between the contacts is used. Therefore, (2) can
be used to represent the dielectric recovery characteristics of
the LTB72.5/D1 SFg circuit breaker in this work. During the
reignition of the circuit breaker, the breakdown time of the
SFe gas between the contacts is a few nanoseconds, which
is much smaller than the overvoltage settling time. After the
SFe gas breaks down, the arc resistance is included in Rg (the
busbar side damping resistance). Therefore, no specific arc
model is used in the simulation.

According to the IEEE Std. C37.015-2009 guide for the
application of DTACSR switching [23], the simulation model
for the circuit breaker is shown in Fig. 2, where MODEL
is a programmable control module and SW_TACS is a con-
trollable switch. The closed switch SW_TACS is used when
the circuit breaker is still closed or an arc occurs between
the contacts of the circuit breaker. In contrast, when the
arc between the two contacts is completely extinguished,
the switch SW_TACS is open and two parallel branches are
applied. One parallel branch consists of a resistance (R),

I

alicivRelk4

SW_TACS i

FIGURE 2. Simulation model of the circuit breaker.
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a shunt inductance (L) and a shunt capacitance (C) in series,
and the other branch is a resistance Ry. The shunt induc-
tance (L) is 4 uH when the circuit breaker is open. The
shunt capacitance (C) is the sum of the total stray capacitance
including the contact dynamic capacitance when the circuit
breaker is disconnected. Considering the influence of the
shunt capacitance on the external circuit and the complexity
of the contact capacitance, a fixed capacitance of 50 pF is
used to represent the shunt capacitance (C) here. The resis-
tance (R) is 10 2 and is the oscillation loss resistance between
L and C when the circuit breaker is reignited. The resis-
tance (Rp) is 1 MQ and is another oscillation loss resistance
between L and Cwhen the circuit breaker is opened.

According to the actual working characteristics of the cir-
cuit breaker during the breaking process of the DTACSR,
the MODEL module is programmed. The specific values
of the circuit breaker operating time (#;), the chopping cur-
rent (Ip), and the high-frequency arc extinguishing capability
(f) are decided before the simulation. The initial state of
SW_TACS is closed. The simulation time is ranged from O to
30 ms, and the time step is 10 ns. During the simulation,
the MODEL module can automatically measure the power
supply side voltage (Uy), the load side voltage (U>) and the
loop current (i), and it can also output the SW_TACS switch
state. The working process of the MODEL module is shown
in Fig. 3.

Do not change the
Calculate: breakdown switch state
voltage value
End

£>t,, and i<ly, and di/di<f
and SW_TACS is closed

t>t, and SW_TACS is disconnected
U;-U,>Breakdown voltage value

Disconnect SW_TACS

Don't change the
switch state

!

Close SW_TACS
End End

FIGURE 3. Workflow chart of the simulation model.

2) REACTOR MODEL

To investigate the overvoltage of the whole DTACSR,
the equivalent lumped circuit of the DTACSR is used as
shown in Fig. 4. L is the equivalent inductance, Ry, is the
equivalent resistance, Cz is the equivalent capacitance, and
Cq1 and Cy are the stray capacitances to the ground at both
ends. These parameters as shown in Table 3 are estimated

55709



IEEE Access

H. Nie et al.:

Breaking Overvoltage of DTACSRs and Its Cumulative Effect on the Interturn Insulation

Ry
L
Cz

TC I

FIGURE 4. Equivalent lumped circuit for the overvoltage occurring in the
DTACSR.

TABLE 3. Electrical parameters of the equivalent circuit.

L (mH)
231.2

RL(kQ)
330

Cz (pF)
100

Cg (pF)
118

according to the structural parameters and material properties
of the studied BKK-20000/66 DTASCR.

3) SIMULATION CIRCUITS AND RESULTS

The connection mode of a 66 kV DTACSR in a power system
is a three-phase star connection, and the neutral point is not
grounded. According to the actual wiring, the simulation
circuit model is established (see Fig. 5).

The other parameters in the simulation circuit are estimated
according to the operating voltage and the length of the
transmission line. These parameters include a busbar voltage
of Vs = 53.882 kV, a busbar side line inductance of Lg = 2
mH, a busbar side equivalent capacitance of Cs = 1 uF, a
busbar side damping resistance of Rg = 10 €2, and an inductor
between the circuit breaker and the reactor with an inductance
of Ly = 10 uH.

In the simulation, it is assumed that the voltage equation
of the A-phase DTACSR satisfies U = 53.822 x cos wt.
When the phase angle is 180°, the voltage of the A-phase
is a negative peak and the current crosses zero. As the grid
frequency in China is 50 Hz, the zero-crossing point of
the A-phase current is at 10 ms. The difference between
the operating time of a circuit breaker and the time of the
A-phase current zero is defined as the operating time lag
(OTL). The random factors that affect the amplitude and type
of overvoltages are mainly the OTL and the chopping current
in the breaking process. For the 3-phase circuit, the OTL is
ranged from O to 6.66 ms. When the OTL is greater than
6.66 ms, the overvoltage waveform of the A-phase DTACSR
appears repeatedly on the B-phase DTACSR. In this study,
the range of the chopping current is between 0 and 13 A.
The three-phase currents successively pass through the zero
point. These circuit breakers in the three-phase circuits will
not be electrically disconnected at the same time. The phase
in which the circuit breaker is electrically disconnected at
the first time is defined as the first interrupting phase (FIP).
The other two phases are defined as the last interrupting
phase (LIP). Five typical overvoltage waveforms for each
phase reactor are obtained via a simulation. Fig. 6 shows the
overvoltage waveforms for the A-phase DTACSR. In Fig. 6,
we can see that the oscillation frequency of the reignition
overvoltage is much larger than that of the chopping overvolt-
age. In Fig. 6 (a) and Fig. 6 (b), the reignition occurs at the
first current zero-crossing, and it is interrupted at the second
current zero-crossing. In Fig. 6 (a), the reignition occurs when
the chopping overvoltage does not reach its peak value. At the

. T

R e -
4 | I
N7 aanm il e o
H | i g
| B imLA';L ET Ti
T b |

FIGURE 5. Simulation circuit.
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FIGURE 6. Typical overvoltage waveforms.

initial time of the reignition, the polarity of the end-to-ground
voltage at the DTACSR is the same as that of the source-side
voltage. At this time, |Uy| = |Ug| — |Up| is defined as the
first type of reignition, where Uy, is the breakdown voltage of
the circuit breaker, Uy is the end-to-ground voltage, and Uy
is the busbar side voltage in the reignition phase. In Fig. 6 (b),
the chopping overvoltage reaches the first peak and the reigni-
tion occurs during the reverse peak oscillation. At the initial
moment of the reignition, the polarity of the end-to-ground
voltage is opposite to that of the source-side voltage. At this
time, |Up| = |Ug| + |Up| is defined as the second type of
reignition. In Figs. 6 (c¢), 6 (d), and 6 (e), the circuit breaker
current can be cut off at the first zero-crossing of the A-phase
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current. Fig. 6 (c) shows that the reignition barely occurs, but
multiple oscillations take place. Fig. 6 (d) shows that the first
type of reignition occurs, whereas Fig. 6 (e) illustrates that
the second type of reignition occurs.

The relationships between the overvoltage amplitude of
the A-phase DTACSR and the chopping current for different
OTLs are shown in Fig. 7. The variations in the overvoltage
amplitude of the A-phase DTACSR against the OTL for
different chopping currents are shown in Fig. 8.

In Fig. 7, the curves obtained with OTL =3 ms (1 A <
Ip <4A),0TL=45ms (1A < 1Ip <9 A),and OTL
=6ms (1 A < Iy < 13 A) correspond to the overvoltage
waveform shown in Fig. 6 (c). This indicates that when no
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FIGURE 7. Relationships between the overvoltage amplitude and the
chopping current.

reignition occurs, the chopping overvoltage increases with
the chopping current. The curves obtained with OTL = 3 ms
GA<Ih<8A)andOTL=45ms (10A <Ip < 11 A)
as shown in Fig. 7 correspond to the overvoltage waveform
shown in Fig. 6 (b). In comparison, the curves obtained with
OTL=3ms OA <) <13Aand OTL=45ms (12 A <
Ip < 13 A) as shown in Fig. 7 correspond to the overvoltage
waveform shown in Fig. 6 (a). It can be seen that when the
OTL is the same, the first type of reignition overvoltage (as
shown in Fig. 6 (a)) with a larger chopping current is smaller
in amplitude than the second type of reignition overvoltage
(as shown in Fig. 6 (b)) with a smaller chopping current.
For the same type of reignition overvoltage, when the OTL
is different, the overvoltage with the larger chopping current
is much larger in amplitude than that with a smaller chopping
current. Thus, when the reignition occurs for the larger chop-
ping current, the overvoltage is much larger in amplitude.
Comparing the three curves in Fig. 7, we can observe that
when the OTL is much larger, the current range for the
occurrence of the reignition decreases. When OTL = 3 ms,
the range of the chopping current for the occurrence of the
reignition is 4-13 A. When OTL = 4.5 ms, this current range
becomes 9-13 A, whereas no reignition occurs in the range
of 0-13 A when OTL = 6 ms. Fig. 7 also shows that under
the condition of OTL = 6 ms and Iy = 13 A, the chopping
overvoltage reaches a maximum value of 5.69 p.u.

Fig. 8 shows that, when the chopping current is constant,
the A-phase DTACSR is shifted from the FIP (+ = 10 ms,
uncompleted chopping) into the LIP (r = 10 ms, completed
chopping). The overvoltage waveforms corresponding to the
curves of [y = 1 A (0.5 ms < OTL <2ms)and Iy = 7
A (3 ms < OTL < 3.5 ms) are shown in Fig. 6 (b). The
overvoltage waveforms corresponding to the curves of Ip = 7
A05ms <OTL <2ms)and Ip = 13 A (0.5ms < OTL <
3.5 ms) are shown in Fig. 6 (a). The results show that, when
the type of reignition is the same, the reignition overvoltage
increases with increasing OTL. When the chopping current
is much smaller, the reignition overvoltage occurring at the
first current zero-crossing is a peak value. In contrast, when
the chopping current is much larger, the A-phase DTACSR
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FIGURE 8. Relationships between the overvoltage and the OTL.

belongs to the LIP, and the chopping overvoltage occurring
is a peak value. The curves as shown in Fig. 8 obtained for
In=1AQR5ms <OTL <6.5ms),lp =7 A (4 ms <OTL
<6.5ms),and Iy = 13 A (6 ms < OTL < 6.5 ms) correspond
to the waveforms shown in Fig. 6 (c). This indicates that
the overvoltage amplitude is irrelevant to the OTL when no
reignition occurs. Both curves shown in Fig. 8 obtained for
In=7AR5ms <OTL <35ms)andlp = 13 A (4 ms <
OTL < 6.5 ms) also show that the second type of reignition
overvoltage is much larger in amplitude than the first type
of reignition overvoltage when the chopping overvoltage is
constant (i.e., the chopping currents are the same). The over-
voltage waveforms corresponding to the curve of [p = 7 A
(OTL = 2.5 ms) and the curve of Ip = 13 A (4 ms < OTL <
5 ms) are illustrated in Fig. 6 (d). The overvoltage waveforms
corresponding to the curve of I = 13 A (OTL = 5.5 ms)
are exhibited in Fig. 6 (e). These results show that in the
breaking process of the DTACSR, reignition occurs at the first
current zero-crossing point and is successfully interrupted.
In addition, the overvoltage peak at this time is determined
by the reignition overvoltage. Fig. 8 also shows that the larger
the chopping current, the more complex the reignition type
becomes. The maximum value of the reignition overvoltage
is 8.43 p.u.

Based on the above analysis, the overvoltage in the break-
ing process of the DTACSR follows the rules stated below.
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(A) When the chopping current is fixed, the overvoltage can
be divided into three stages with increasing OTL. In the first
stage, the reignition overvoltage occurs at the first current
zero-crossing point, but the reignition is not interrupted. The
overvoltage amplitude is the larger value of the reignition
overvoltage at the first zero-crossing point and the overvolt-
age at the final cut-off. In the second stage, reignition occurs,
it is successfully interrupted, and the overvoltage amplitude
is the value of the reignition overvoltage. In the third stage,
no reignition occurs, and the current is cut off at the first
zero-crossing of the current. (B) When the OTL is constant,
the chopping overvoltage increases in amplitude with increas-
ing chopping current, and the current range for the occurrence
of the reignition expands with the increase in the chopping
current. (C) The larger the chopping overvoltage before the
reignition occurs, the greater the amplitude of the reignition
overvoltage becomes. (D) When the amplitude of the chop-
ping overvoltage is equal before reignition, the second type
of reignition overvoltage is much larger in amplitude than the
first type of reignition overvoltage. Therefore, the maximum
value of the overvoltage occurs at the largest chopping current
for the second type of reignition. The first three rules are
easy to understand. The reasons for the fourth rule are as
follows. After disconnecting the current, reignition occurs
when the difference between the end-to-ground voltage at
the DTACSR and the busbar voltage reaches the breakdown
condition of the circuit breaker. The end-to-ground voltage
at the DTACSR is close to the bus voltage, and it oscillates
with the bus voltage as the center and the breakdown voltage
of the circuit breaker as the its amplitude. For the first type of
reignition, the maximum value of the reignition overvoltage
is |Uol + |Upl — [Unl = |Ug| — |Unl = [Urol (where
U, is the neutral-point voltage, and Uy is the chopping
overvoltage of the initial reignition). For the second type of
reignition, the maximum value of reignition overvoltage is
|Uol + |Up| — |Un| = |Ug| — |Unl + 2|Uo| = |ULol + 2|Uo.

Ill. THEORETICAL ANALYSIS

The theoretical equivalent circuit is shown in Fig. 9. In Fig. 9,
Vs is the busbar voltage source, Lg is the busbar side lead
inductance, Cs is the busbar side equivalent capacitance,
Rs is the busbar side damping resistance, K is the circuit
breaker switch, Ly, is the equivalent inductance after breaking,
C, is the fracture capacitance after breaking, and Ly, is the
reactance-side lead inductor.

A. CHOPPING CURRENT OVERVOLTAGES

It is assumed that the A-phase is the FIP, whereas the
B-phase and C-phase are the LIP. Three-phase reactors are
coupled to each other. Compared with the parameters of the
reactors, Cs is large enough, while R, Ly, and Ly, are rather
small. The high-frequency equivalent circuit for the A-phase
is simplified as shown in Fig. 10 (a). When the A-phase
DTACSR is disconnected, the neutral-point potential is offset.
The B-phase and C-phase DTACSRs are connected in series
to withstand the line voltage. The voltage applied to B-phase
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FIGURE 10. High-frequency equivalent circuits of chopping current
overvoltages. (a) First interrupting phase. (b) Last interrupting phase.

or C-phase DTACSR is half of the line voltage. In addition,
the neutral-point voltage jumping leads to the jumping of
the voltage phase for the other two-phase DTACSRs. After
a phase angle of 90°, for the other two-phase DTACSRs,
the current crosses zero at the same time, and the voltage
reaches the peak but has the opposite polarity. The peak value
is v/3U(/2. When the LIP is open, since the parameters of the
two-phase DTACSRs are the same, the high-frequency oscil-
lation overvoltages of the two-phase DTACSRs have the same
amplitude but opposite polarity, and the neutral-point voltage
is zero. The high-frequency equivalent circuit of the chopping
overvoltage applied to the two-phase DTACSR for the LIP is
the same as the phase circuit, as shown in Fig. 10 (b).

In Fig. 10 (a), suppose that the voltage across the reac-
tor is u, the end-to-ground voltage for reactor is uy and
the neutral-point-to-ground voltage is u,. According to the
relationships between the voltages and the currents of each
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branch, the differential equation for voltage can be obtained
as below.

dzu d’u du
—L (Cp +2Cg1) dt 2 =LCz—> di2 +LR dr2 +u
d?u
15LCo—5 =L (Cz +1.5G, + 1.5C1 +1.5Cn) ()
dug e
u
dr? Ry dt &

The fourth-order differential equations can be obtained by
elimination, but they have no analytical solutions.
The voltage equation of the LIP reactors in Fig. 10 (b) is
as follows.
d’u du

+L——4u=0 @)

L(Cz+Cp+Cat) yp + L

According to (4), the maximum value of the chopping
overvoltage and the corresponding time can be obtained as
below.

arctan ( ) + @1 o1

o T ©

191 2 0
—exp(22) 2024 — = g

Umax Xp( o1 )\/4 0 + CZ T Cp T Cg] 2

_ 1 2 .
where w1 = \/ L(C G0 d7 is the oscillatory angular

) =

frequency, 4 is the attenuation coef-

2Ry, (C;+Cp+cg1)
A/ Lx19)/(Cz+Cp+Cq1)

) VLR Y
angle, and Iy is the chopping current.

The analytical expression of the chopping overvoltage in
the LIP can be obtained. However, the chopping overvoltage
in the FIP cannot be obtained analytically. For the purpose of
a practical engineering application, it is necessary to further
study the expression of the chopping overvoltage in the FIP.
The relationships between the maximum chopping overvolt-
age and different parameters are determined by a simulation.
The expression of the overvoltages is obtained by data fitting.

Referring to the application guidelines for shunt reactors in
IEEE Std. C37.015-2009, the possible ranges of the fracture
capacitance parameters for the DTACSR and circuit breakers
are shown in Table 4.

ficient, ¢ = arctan is the inception

TABLE 4. Range of parameters.

Ground stray Longitudinal Fracture
Inductance . . .

capacitance capacitance capacitance
50-500 mH 50-250 pF 50-250 pF 50-250 pF

The chopping current Ip = 10 A is used in the simulation.
Based on (5) and the particular solutions of (3), a control
variable method is used to fit the relationship between the
maximum value of the chopping overvoltage and one param-
eter in Table 4. We finally obtain the following equation

55714

that contains four parameters for the maximum chopping
overvoltages across the reactor in the FIP.

82(/)2) 2 L 2
Umax = eXp | — Uy + I
max = EXP ( 0 )\ 0T K (C2+15C, +1.5C,) °

(6)

_ 1 _ 52 :
where wp = \/KCL(CZ+1.5C,,+1‘5CA.) d5 are the approximate
1
. . 2R K (Cz+1.5C,+1.5C;)
are the approximate attenuation coefficients, and ¢, =
J(Lxlo)/[fo(Cz+1 5Cp+1.5C,1)] .

oscillatory angular frequencies, 6 =

arctan is the inception angle.
K. is a correction factor for the capacitance and can be
described as follows.

K. = 1.15(0.934 + 0.0869L)
x[0.896 — 1.56 x 10° (3¢, — €z = G,)]

B. REIGNITION OVERVOLTAGES

When the chopping overvoltage of the reignition phase
reaches a maximum value, the reignition overvoltage will
reach a maximum value. Since the oscillation frequency of
the reignition overvoltage is very high, the self-inductance
and self-resistance of the DTACSR can be neglected. In other
words, the energy is mainly converted between the lead
inductor and the equivalent capacitances that consist of the
interturn capacitance and the stray capacitance to the ground
of the three-phase DTACSR.

The reignition causes the reactor to be connected to the
power system again. As the neutral point is not grounded,
the oscillating overvoltages are also produced within the reac-
tor. The inductance of the reactor is much larger than the lead
inductance in the oscillation circuit, so the internal oscillation
frequency is much lower than the reignition oscillation fre-
quency. The effect of an internal oscillation on the reignition
overvoltage can be neglected when the maximum value of
the reignition overvoltage at the initial time of reignition
is analyzed. After a single reignition, once the condition is
satisfied, reignition will occur again, and multiple reignitions
occur during the breaking process.

We need to know the initial values of the voltage across
the reactor and the end-to-ground voltage to calculate the
reignition overvoltage. Due to the multiple oscillations in
the circuit, the initial value cannot be obtained by extending
time as in the method used for (6). Therefore, based on (6),
the equation of the reignition overvoltage is obtained below
by the same method as that in Section IIT A.

b 4 +¢2>
w2
x\/Kﬁ-Ug +Kp L AN C))
K, (C.+ 1.5C, + 1.5C,)

where Kfy, is the voltage correction coefficient, and Ky is the
current correction coefficient. Their equations are described

Umax = €Xp <82
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as follows.

Kp = 7.87 x (—0.23 L2+0122L + 0.486)
x (—4.89 = 0.234In Cy) x (6.93 +0.279In C,)
x (3.67 x 10%C2 — 8.01 x 10°C, +0.535)

Ky =297 x (0.37 L2 — 0.392 L + 0216
x (9.68 x 1082 — 4.36 x 10°C, + 0.501)
x (=343 x 1018C2 + 136 x 10°C2 + 1.89
x10°C, — 0.116)
x (9.01 x 10%C2 — 146 x 10°C, +0.191)

As the three-phase circuit operates in a neutral non-
grounded manner, the neutral-side stray capacitance to
ground of the three-phase DTACSR can affect the overvoltage
generation. The stray capacitance to the ground (Cy) is taken
into account in (5), (6), and (7). This indicates that, compared
with the single-phase circuit model, the proposed three-phase
circuit model is much closer to the actual operating condition
and can obtain more accurate results.

C. DISCUSSION

1) ANALYSIS OF THE EFFECTIVENESS OF THE

SIMULATION RESULTS

When reignition does not occur, the chopping overvoltage
is constant and has a maximum value. Its per-unit value is
1 pu. = Up = 53.882 kV. The relationships among the
simulated value of the maximum overvoltage in the first and
last phase, the calculated values obtained by (5) and (6), and
the chopping current are shown in Fig. 11.

6 -
—~ 57
=
S
% 4
=
- st
% —&— Simulation for FIP
o0 2T —®— Simulation for LIP
B= / Calculation for FIP
§ 1t [ Calculation for LIP
<=
&)

0 2 4 6 8 10 12

Chopping current (A)

FIGURE 11. Relationship between the maximum chopping overvoltage
and the chopping current.

As can be seen from Fig. 11, the simulated values are
in good agreement with the calculated values. (5) is the
analytical solution, so the curve drawn by the calculated
value of the maximum chopping overvoltage for the LIP
can be used as a reference. The simulated value of the
maximum chopping overvoltage for the LIP is consistent
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with the calculated value, which proves that the simulation
results are reliable. The simulated value of the maximum
chopping overvoltage for the FIP is consistent with the cal-
culated value, which proves that it is reasonable to use (7)
to estimate the maximum chopping overvoltage. When the
chopping current is 10 A, the maximum overvoltage is more
than 5 p.u.

A series of simulated values for the maximum reignition
overvoltage is obtained by adjusting the OTL. The relation-
ships between the calculated values and the simulation results
according to (7) are shown in Fig. 12. The simulated values
are in good agreement with the calculated values in Fig. 12.
When the chopping current is 10 A, the maximum reignition
overvoltage is more than 7 p.u.
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FIGURE 12. Relationship between the maximum reignition overvoltage
and the chopping current.

2) ACCURACY OF THE THREE-PHASE ANALYSIS

MODEL OF OVERVOLTAGE

The single-phase analysis circuit of the circuit breaker break-
ing a shunt reactor recommended in IEEE Std C37.015-
2009 is shown in Fig. 13 (a). The high-frequency equivalent
circuit is shown in Fig. 13 (b) when the circuit breaker is
disconnected.

In Fig. 13, Cy is the total capacitance to the ground
of the single-phase reactor and consists of the interturn
capacitance Cz and the head-to-ground capacitance Cg;. The
other parameters are consistent with those in the three-phase
circuit.

Comparing Fig. 13 (b) with Fig. 10 (a), as the neutral point
of the single-phase circuit is directly grounded, the single-
phase circuit does not consider the influences of the other
two-phase reactor parameters and the stray capacitance to
the ground of the neutral point. Moreover, the capacitance
equivalent to the neutral-point side of the reactor cannot be
negligible compared with the interturn capacitance of the
reactor and the fracture capacitance of the circuit breaker. Fur-
thermore, the single-phase circuit cannot be used to analyze
the overvoltage condition for the LIP. Therefore, the analysis
results of the three-phase circuit have much higher accuracy
than those of the single-phase circuit.
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FIGURE 13. Single-phase circuit of the circuit breaker breaking a shunt
reactor and its high-frequency equivalent circuit. (a) Single-phase
analysis circuit. (b) High-frequency equivalent circuit.

IV. THE EFFECT OF THE BREAKING OVERVOLTAGE ON
THE INTERTURN INSULATION CHARACTERISTICS

The DTACSR is a parallel structure of multibranch coils with
many turns. Due to a large number of coil turns and the whole
curing method, local insulation defects are inevitably located
in the DTACSR. In addition, the local interturn insulation
defects may be caused by electrical stress during the opera-
tion of the DTACSR. Under the application of a high electric
field, partial discharge (PD) usually occurs in the defect
location at first. Repeated PDs can cause cumulative damage
to the solid insulation and even lead to the breakdown of the
insulation materials. Therefore, it is necessary to study the
cumulative effect of the breaking overvoltage on the interturn
insulation properties of the DTACSR.

A. INTRODUCTION TO THE EXPERIMENT

1) MODEL SPECIMEN AND ELECTRODE

When the actual DTACSR operates, the potentials of the
aluminum wires at the same height in different branches are
almost equal. The electric field only exists between the upper
and lower adjacent turns and can be considered as an electric
field between two typical infinitely long parallel cylinders.
The polyester-film-coated aluminum wire used in the actual
DTACSR is selected as the object under study. The diameter
of the bare aluminum wire is 4 mm and the diameter of the
insulating coated aluminum wire is 4.4 mm. A segment of the
insulating coated aluminum wire with a length of 300 mm
is used. The ends are curved, and the length of the middle
parallel section that is used to simulate the interturn insulation
of the DTACSR is 140 mm. Thus, the formed electric field
can be regarded as the electric field of infinitely long parallel
cylinders.
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The middle part of the two aluminum wires is parallel, and
their end insulation is removed. In the bifurcation position
of samples, the polyimide film is twined by semilapping to
strengthen the insulation, and a nylon band is used to lock
wires. Referring to the proportion scheme provided by the
reactor manufacturer, epoxy resin is used to solidify samples.
The epoxy resin is fully stirred and placed at 60°C for 1 h.
After pretreatment, the epoxy resin is painted on the surface
of the specimens. The specimens coated with epoxy resin are
put into a thermostat at a constant temperature of 80°C for 4 h
and then naturally cooled for 24 h. The specimen is installed
in the electrode in Fig. 14.

HV electrode
Insulation
Sample support
Earth
electrode

FIGURE 14. Specimens and electrode system.

2) TEST DEVICES

To study the influence of the breaking overvoltage on the
interturn insulation performance, a device to generate an
exponentially decaying oscillating voltage was designed and
constructed with IEC Std. 60076-6 as a reference. The prin-
ciple circuit of the test device is shown in Fig. 15. The power
supply of the test device supplies 220 V at 50 Hz. The AC
high voltage is obtained by the voltage regulator 77 and the
power frequency testing transformer 75. During the negative
half cycle of the power frequency voltage, the high-voltage
silicon stack D is turned on, and the main capacitor Cc is
charged. At the zero-crossing of the power supply frequency
from negative to positive, the high-voltage silicon reactor D is
turned off. The trigger signal is sent by the control circuit and
is amplified by the pulse transformer 73 to generate the pulse
voltage. This pulse voltage is applied to the “needle-skin” of

AC Voltage
(50Hz)

LT

FIGURE 15. The test circuit of the interturn overvoltage.
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the sphere gap S to generate a small arc, inducing the main
gap of the sphere gap S to turn on. The energy stored in the
main capacitor is discharged through the damping resistor R,
to the inductor L and the specimen C.

Since the equivalent capacitance C of the specimen is
small, it can be ignored in parallel with the inductance L.
Assume that the total resistance in the discharge circuit of the
main capacitor to the inductor coil and the model specimen
is R, the initial charging voltage of the main capacitor is
Uco, and the initial current of the inductor coil is 0. Then,
the discharge loop can be equivalent to Fig. 16.

Ce—,

FIGURE 16. The discharge circuit.

The switch is turned on at + = 0. The voltage and current
equations of the loop can be solved, and the equations of the
loop current i and the voltage of the inductor can be obtained
as shown below.

1 X
i = ——Ucoe * sin(wt) 8)
wL
U = L Ucoe sin(wr — B) )
w

where wg = 1/+/LC¢ is the natural oscillated frequency, § =

R/(2L) is the attenuation coefficient, ® = a)% — 82 is the
virtual oscillated frequency, and 8 = arctan(w/$) is the initial
phase.

It can be seen from (9) that the voltage applied to the model
specimen is an exponentially decaying oscillating wave.

The number of discharges of the test device is determined
by the trigger control signal. The control circuit sends a
trigger signal in each power frequency power cycle, and the
time relay installed in the control circuit can work continu-
ously for one minute at a time. Therefore, the device used
to generate an exponentially decaying oscillating voltage can
output 3,000 exponentially decaying oscillating waves in
one minute. That is, one charge and discharge process takes
20 ms. The high-voltage part of the test device is structured
as shown in Fig. 17. The high-voltage silicon reactor, the pro-
tection resistor, and the power frequency test transformer in
the principle circuit are integrated in the DC high-voltage
generator.

The voltage waveform on the specimen is measured by an
oscilloscope connected to a voltage divider consisting of C;
and C; (the voltage division ratio is 1000/1). The waveform
of a one-time overvoltage acquired by the oscilloscope is
shown in Fig. 18. From Fig. 18, the duration of the one-
time overvoltage is 0.5 ms, so the time interval between two
succession overvoltage pulses is 19.5 ms.
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FIGURE 17. Device used to generate an exponentially decaying oscillating
voltage.
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FIGURE 18. Waveform of a one-time exponentially decaying oscillating
voltage.

A PD test system is built in a shielded room. The PD
detector is Hipotronics DDX-7000 with a sampling frequency
of 80 MHz and a sensitivity of 0.1 pC. Before the PD test
is formally carried out, the voltage of the test system is
increased to 5 kV under the condition that the electrode
system is not connected to the sample, at which time the
discharge of the test system is less than 5 pC. When the
PD signal is measured formally, the voltage increases slowly
from 0 V, and the pulse signal is detected on the detector.
When the voltage increases to a certain value, if the discharge
is more than 5 pC and repeats in a given time period, the
voltage value is recorded as the PD initial voltage (PDIV) and
the characteristic parameters of the PD are collected by the
DDX-DA3 advanced analysis module inside the detector.

3) TEST SCHEME

Before the formal test, 12 samples are subjected to the
breakdown test with the exponentially decaying oscillation
voltage. The maximum and minimum values are eliminated,

and the mean breakdown voltage and standard deviation are
35.59 and 1.79 kV, respectively. The branch with the fewest
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turns of the reactors studied has 351.85 coil turns, and the
average power frequency potential between turns is 153 V.
Considering the switching process occurs in extreme weather
such as rain, snow and fog, the damp and the uneven voltage
distribution of the local interturn insulation could be caused
by the local moisture on the outer surface of the DTACSR.
This leads to an increase in the overvoltage amplitude in
partial interturn insulation. Based on the validity of the data
and the test cycle, five voltages of 10, 12, 14, 16, and 18 kV
are selected as test voltages for the cumulative damage, and
10 valid data points are taken for 12 specimens at each
voltage. To obtain the PD characteristics of the specimens
in the early stage of aging, the number of cumulative over-
voltages is taken to be 3,000, 15,000, 30,000, 60,000, and
90,000. The insulation resistance (IR) and PD parameters of
the specimens are measured at the end of each test cycle.
The PD parameters include the PD inception voltage, the PD
maximum magnitude, and the discharge power. After all
aging cycles are completed, five specimens are selected ran-
domly for the breakdown test with an exponentially decaying
oscillating voltage for each aging voltage, and the remaining
five specimens are subjected to a power frequency breakdown
test.

B. TEST RESULTS AND ANALYSIS
The variation curves of the characteristic parameters under

an exponentially damped oscillation overvoltage are shown
in Fig. 19.
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FIGURE 19. The relationship between the characteristic parameters and
number of cumulative overvoltages.
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Each data point is the average of 10 test data points. The
IR and the PDIV decrease with the cumulative numbers. The
PD maximum magnitude (PDMM) and the PD power (PDP)
increase with the cumulative numbers. To eliminate the inter-
ference of the specimen preparation process and the test
environment on the test results, the IR and PDIV after aging
are denoted by the percentage of their values before aging,
whereas the PDMM and PDP after aging are denoted by the
multiples of their values before aging. From Fig. 19, taking
the samples with the voltage of 14 kV as an example, when the
number of cumulative overvoltages is 3,000, 15,000, 30,000,
60,000, and 90,000, respectively, the IR decreases to 61.5 %,
43.3 %, 27.0 %, 18.6 %, and 7.2 % of the initial values; the
PDIV decreases to 93.9 %, 90.2 %, 83.8 %, 83.3 %, and
81.9 % of the initial values; the PDMM increases by factors
of 1.55, 1.51, 2.12, 2.90, and 3.31; and the PDP increases by
factors of 1.20, 1.25, 1.69, 2.12, and 2.50. The samples with
the voltage of 10 kV and 18 kV exhibit similar dependences.

For the voltages of 10, 12, 14, 16, and 18 kV, when the num-
ber of cumulative overvoltages is 90,000, compared with the
breakdown voltage of unaged samples, the power frequency
breakdown voltage decreases to 97.4 %, 96.32 %, 93.8 %,
91.9 %, 88.5 %, respectively. The exponentially decaying
oscillating breakdown voltage decreases to 97.6 %, 96.45 %,
94.1 %, 92.08 %, and 88.73 % of the unaged breakdown
voltage, respectively. The relationship between the average
value of the breakdown voltage and the aging voltage is
shown in Fig. 20.

<36 F —=— Power frequency voltage
35F —e— Exponentially decaying oscillating voltage

Breakdown voltage (kV

0 10 12 14 16 18
Amplitude of the cumulative overvoltage (kV)

FIGURE 20. Breakdown voltage at the power frequency and with the
exponentially decaying oscillating voltage.

As seen from Fig. 19, the range of the variation in each
characteristic parameter is large in the initial stage of the
accumulation, and the variation decreases in the later stage.
From Fig. 20, when the cumulative overvoltages reach a cer-
tain value, that is, the electrical aging reaches a certain level,
the breakdown voltage of the specimen decreases for the five
aging voltage levels. This indicates that the electrical aging
will affect the breakdown voltage of the DTACSR. It can also
be seen from Fig. 20 that the average value of the breakdown
voltage of the model specimens monotonously decreases with
the increase in the cumulative overvoltage amplitude.

According to the variation in the characteristic parameters
with the cumulative overvoltages, the mechanism of damage
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of the interturn insulation is analyzed for an exponentially
decaying oscillation overvoltage. During the manufacturing
process, air gap defects can be produced in the interturn
insulation. The electric field distribution with an oscillation
voltage is inversely proportional to the relative permittiv-
ity (¢). Thus, the electric field in the air gap is approxi-
mately three times stronger than that in the solid insulation
(pPET =~ 3, @air =~ 1). According to the PDIV, PD occurs
in the sample when the voltage is close to 3.5 kV. Therefore,
the PD is caused by the breakdown of air gap defects due
to the overvoltage. The molecular bonds of organic materials
around the air gaps breakdown into molecules with a lower
molecular weight under the impact of high-energy charged
particles. The short-term high temperature produced by PD
causes a partial carbonization of organic insulating materials.
Highly active He, Oe, and HOe lead to chemical degrada-
tion of organic materials and corrosion of the surrounding
insulation materials, resulting in impurity carriers. All these
factors will gradually result in a reduction of the insulation
properties of the material. As the aging process increases,
the discharge will develop from the edge of the air gap to
the interior of the solid insulating material, leading to an
expansion of the air gap and an increase in the discharge
channel. As the cumulative effect increases, the IR that can
characterize the macroinsulation properties of the samples
decreases. The PDIV used to represent the minimum insu-
lation defect may decrease. The PDMM characterizing the
largest insulation defect increases. The PDP, which includes
the pulse discharge, pulse count, and instantaneous value
of the voltage, reflects the aging process and can increase
with aging. The cumulative effect of the overvoltage causes
the breakdown voltage of the model specimen to decrease.
The aging voltage value is larger, and the breakdown voltage
decreases faster.

V. CONCLUSION

The mechanism of overvoltage formation is studied when
a DTACSR is switched off. Moreover, the influence of the
switching overvoltage on the interturn insulation characteris-
tics of the DTACSR is also investigated. Several main con-
clusions are drawn as below.

(1) The combination of theoretical analysis, simulation,
and data fitting are used to estimate the equation of the
reignition overvoltage and chopping overvoltage generated in
the process of a circuit breaker switching off the DTACSR.

(2) Compared with the single-phase circuit model, a more
accurate overvoltage equation is obtained with the proposed
three-phase circuit model.

(3) The random factors affecting the amplitude of the
overvoltage during the breaking process mainly include the
chopping current and the OTL. A stronger chopping current
results in a higher overvoltage and a larger reignition area.
If arc reignition occurs, the amplitude of the overvoltages
will be larger. The OTL has little effect on the chopping
overvoltage, but it can affect the occurrence and types of
reignition and the amplitude of the reignition voltage.
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(4) When a 66 kV DTACSR is switched off by a circuit
breaker, the chopping overvoltage may be greater than 5 p.u.
in amplitude, and the reignition overvoltage may be greater
than 8 p.u. in amplitude.

(5) The cumulative effect of the exponentially decay-
ing oscillation overvoltage can cause irreversible damage to
the interturn insulation of the DTACSR as the reactors are
switched off. Compared with the unaged samples, the IR
and PDIV decrease by 6.71 % and 73.461 % of the ini-
tial values, respectively. The PDMM and PDP increase to
9.86 times and 3.17 times the initial values, respectively.
The power frequency and exponentially decaying oscillating
voltage decrease to 88.5 % and 88.73 % of the initial values,
respectively.
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