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Abstract

For a case of secondary voltage abnormality fault in a 500 kV line Capacitor
Voltage Transformer (CVT), field tests and disassembly inspection identified
that the cause was a failed protective arrester connected in parallel with the
compensation reactor within the CVT, due to insulation degradation. A qual-
itative phasor analysis was conducted to elucidate the reasons for the reduced
magnitude and leading phase of the CVT secondary output voltage following
the protective arrester failure. Furthermore, based on equipment test data, a
quantitative analysis of the variation in secondary output voltage with load was
performed.
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Abstract

This paper investigates a secondary voltage abnormality fault in a 500kV line
capacitor voltage transformer (CVT). Through field testing and disassembly
inspection, the cause of the abnormal secondary voltage was identified as a
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failure of the protective arrester connected in parallel with the compensation
reactor in the CVT, resulting in insulation degradation. A qualitative phasor
analysis explains why the CVT secondary output voltage exhibited reduced
magnitude and phase lead after the protective arrester failure. Combined with
equipment test data, the variation of secondary output voltage with load is
quantitatively analyzed.

Keywords: Capacitor voltage transformer, protective arrester, qualitative pha-
sor analysis, secondary output voltage

1 Introduction

In high-voltage power systems of 110kV and above, capacitor voltage trans-
formers (CVTs) are commonly used for voltage and power measurement, relay
protection, and carrier communication applications [1]. Compared with elec-
tromagnetic voltage transformers, CVTs offer advantages including reasonable
insulation structure, lower cost, and higher operational reliability, leading to
their widespread adoption in ultra-high voltage and extra-high voltage systems.

A CVT consists primarily of a capacitive voltage divider and an electromagnetic
unit. The electromagnetic unit comprises an intermediate transformer, compen-
sation reactor, protective devices (typically zinc oxide arresters), and a damper.
Operational experience indicates that common CVT failures include damage to
capacitive or electromagnetic units, protective arrester failures at compensation
reactor terminals, improper parameters in the damper’ s saturable reactor, poor
grounding of the capacitive divider’ s last screen, and loose secondary wiring.
These faults cause abnormal secondary voltage output, severely impacting pro-
tection and measurement functions and threatening grid safety [2-4]. During
grid operation, cases of arrester failure in electromagnetic units due to resonant
overvoltage or prolonged moisture aging, leading to secondary voltage abnor-
malities, have occurred frequently [3-5]. This paper presents a detailed analysis
of a secondary voltage abnormality in a 500kV line CVT.

Case Overview

At 21:16 on December 26, 2017, a substation returned a 500kV line to service
after maintenance. Following energization, monitoring systems indicated alarm
signals from both line protection devices. Inspection revealed that the B-phase
voltage in the three-phase line voltage was significantly low, with its phase angle
leading the normal state by approximately 67°. The three-phase line voltages
displayed by monitoring and protection equipment are shown in Table 1 .

Table 1. Three-phase line voltages

Equipment Voltage

Monitoring Device 59.00 0° kV, 59.00 120° kV
Protection Device  19.13 -53° V
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Equipment Voltage

Infrared temperature measurement of the CVT body revealed that the B-phase
electromagnetic unit reached 53°C, while the same location on A and C phases
measured only 5°C. The B-phase temperature was significantly higher than the
other phases, as shown in the infrared thermogram [Figure 1: see original paper].

3.1 Primary and Secondary Inspection

A detailed inspection of the line CVT B-phase was conducted, including the
secondary terminal box. The inspection covered the intermediate transformer’ s
low-voltage side grounding, last screen grounding, secondary winding protection
arresters, secondary terminal tightness, CVT test switch position, and oil level,
with no obvious abnormalities found.

Secondary maintenance personnel inspected the line CVT terminal box. No
moisture or condensation was present inside the box. All CVT secondary wind-
ings were properly grounded, secondary wiring was in good condition, pressure
tests showed no abnormalities, and insulation resistance measurements of each
secondary winding were normal, as shown in Table 2 .

Table 2. Insulation resistance of CVT secondary windings

CVT Secondary Winding Insulation Resistance (M)

First winding 2,000
Second winding 2,000
Third winding 2,000
Open-delta winding 2,000

Note: The CVT second winding is not connected to the CVT terminal box.

3.2 Diagnostic Tests

The faulty CVT is model WVB500-5H with a rated voltage ratio of 500/v/3 :
0.1/v/3 : 0.1/4/3 : 0.1/4/3 : 0.1 and commissioning date of June 1, 2012. To
further identify the fault cause, field testing personnel conducted diagnostic
tests on the abnormal B-phase CVT after outage. The oil test data are shown
in Table 3 .

Table 3. CVT oil test data

Parameter Value (L/L)

Acetylene 0
Total hydrocarbons 6.83
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Parameter Value ( L/L)
H 28.92

The oil test data show zero acetylene content, total hydrocarbons of only 6.83
L/L, and H of 28.92 L/L, all within the limits specified in DL/T 722-2004
“Guide for Analysis and Judgment of Dissolved Gases in Transformer Oil” [6].
Using the “three-ratio” method from DL/T 722-2004 to analyze characteristic
gases, the results are shown in Table 4 .

Table 4. Three-ratio method results

Ratio Value Interpretation

CH/CH - Low-temperature overheating (<150°C)
CH /H -

CH/CH -

The three-ratio method indicates low-temperature overheating (<150°C) in the
CVT electromagnetic unit, consistent with the field infrared temperature mea-
surements.

Tests on the capacitive divider of the abnormal B-phase CVT included insulation

resistance, dielectric loss, and capacitance measurements, with results shown in
Table 5 .

Table 5. CVT component test data

Parameter Value

Main insulation resistance Normal

C (measured) Normal
C (initial) Normal
tan (%) Normal
ACx (%) Normal

Table 5 shows that all main insulation components are normal, capacitance
values show no significant deviation from initial values, and dielectric loss values
are within power equipment preventive test #i#2 limits, indicating the capacitive
divider is in good condition.

DC resistance tests were performed on the intermediate transformer electromag-
netic unit, with secondary winding test results shown in Table 6 .

Table 6. DC resistance of CVT secondary windings

chinarxiv.org/items/chinaxiv-201812.00854 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00854

Winding DC Resistance (mS2)

la-1n Normal
2a-2n Normal
3a-3n Normal
da-dn Normal

Table 6 shows normal DC resistance values for the intermediate transformer
secondary windings, with no broken wires.

Insulation resistance and AC withstand voltage tests were conducted on the
intermediate transformer electromagnetic unit, with results shown in Table 7 .

Table 7. Intermediate transformer test data

Test Item Result

Secondary winding insulation resistance Normal
AC withstand test (2kV/1min) Normal
Protective arrester insulation resistance 0.1 M (abnormal)

Table 7 shows normal secondary winding insulation resistance and AC withstand
test results. However, the zinc oxide arrester parallel to the compensation re-
actor showed an insulation resistance of only 0.1 M, which does not meet
technical requirements.

Based on the above investigation and test results, the preliminary conclusion
was that the line CVT B-phase voltage abnormality was likely caused by failure
of the protective arrester parallel to the compensation reactor. To confirm the
exact cause, the faulty CVT was replaced on-site and returned to the factory
for disassembly inspection. After replacement, the line was returned to service
and three-phase secondary voltages displayed normally.

4 Disassembly Inspection

To definitively determine the CVT fault cause, the unit was disassembled at
the manufacturer (Rixin Electric, Wuxi). The internal structure of the electro-
magnetic unit is shown in Figure 3 [Figure 3: see original paper]. An induced
overvoltage test was performed on the intermediate transformer at 12.5 kV with
150 Hz, with normal results. After removing the electromagnetic unit cover
plate, inspection revealed transparent, clear insulating oil with no suspended
impurities. After oil drainage, internal wiring was found intact with no dis-
charge or heating traces. The compensation reactor DC resistance measured
298 (2, meeting manufacturer design requirements.

The protective arrester parallel to the compensation reactor terminals is located
externally in the secondary terminal box, as shown in Figure 4a [Figure 4: see
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original paper]. It is model HYW-2.0/4.5 manufactured by Xi’ an High Voltage
Porcelain Factory, with rated voltage 2 kV and continuous operating voltage 1.6
kV.

Insulation resistance measurement of the arrester using 1000 V yielded 0 M.
Multimeter measurement showed 1461 ). Disassembly inspection revealed a
misaligned valve plate compression spring, a discharge mark at the center of
the arrester resistor valve plate, and surface discharge with burn marks on the
valve plate side and the arrester’ s epoxy insulating tube inner wall, as shown
in Figures 4b-4d [Figure 4: see original paper].

Based on the fault investigation and factory disassembly inspection, the cause
of the line CVT secondary voltage abnormality was definitively identified as
internal valve plate damage and insulation degradation in the protective arrester
parallel to the compensation reactor terminals in the CVT electromagnetic unit.

5 Fault Cause Analysis

The CVT circuit contains capacitance and nonlinear inductance (the intermedi-
ate transformer’ s excitation inductance Lm). During primary side energization,
the transient process may produce ferroresonance. The resulting overvoltage
can exceed the protective arrester’ s operating voltage across the compensa-
tion reactor terminals, causing the arrester to operate and cut out the reactor,
thereby destroying the resonant circuit parameters and eliminating internal fer-
roresonance [7-9]. The following sections use this line CVT secondary voltage
abnormality case to qualitatively and quantitatively analyze why arrester failure
leads to reduced secondary voltage magnitude and phase lead.

5.1 CVT Operating Principle

The CVT utilizes impedance division principle. The capacitive voltage divider
circuit is shown in Figure 5 [Figure 5: see original paper]. Let the impedances
of capacitors C1, C2 and compensation reactor L be:

Zor =Te1 + -

JwCy
Z + !
=7 —_—
C2 Cc2 ]WCQ
Zy =71+ jwl

where r-; and rq, are equivalent resistances representing active losses in capaci-
tors C1 and C2; C, and C, are capacitances of the high-voltage and intermediate-
voltage capacitors; r; is the resistance of the compensation reactor coil; and L
is the inductance of the compensation reactor.

chinarxiv.org/items/chinaxiv-201812.00854 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00854

From circuit laws:

Ul - UQ +Z01(I+ICQ> +ZLI

UQ = Zczjcz
From equation (2):

ZC2 ) ZCIZC2

U f—
2T Zav+Zes N Zor+ Zeo

where Zeo/(Zey + Zeg) = C1/(Cy +Cy) = K is the CVT step-down ratio, and
ZenZoo/(Zew + Zeoy) = Zo = 1o + jw% is the equivalent impedance of the
capacitive voltage divider, with r- and C' being the equivalent resistance and
capacitance, and C = C| + Cs.

Equation (3) can be further written as:

Uy=KU, — (Zo+ Z,)I (4)

From equation (4), the CVT equivalent circuit and phasor diagram are shown
in Figure 6 [Figure 6: see original paper]. When C1 and C2 are fixed (i.e.,
step-down ratio K is constant), U2 varies with /, making the voltage ratio error
unable to meet accuracy requirements. Therefore, a compensation reactor is
configured. With proper parameter matching where wL; = 1/wC, U2 is only
affected by the small voltage drop across resistances ro + r;, where Ly is the
sum of compensation reactor inductance L and intermediate transformer leakage
inductance L;. From equation (4), the equivalent circuit is shown in Figure 6a,
where Z is the equivalent load impedance referred to the primary side.

The capacitive divider output connects to the intermediate transformer, with its
equivalent circuit shown in Figure 6b. The intermediate transformer’s excitation
current is very small and can be considered negligible, meaning the excitation
impedance is nearly infinite. The simplified equivalent circuit is shown in Fig-
ure 6¢, where X~ = 1/(jwC), X}, = jw(L + Lyp), 1, = re + 11 + 4, and
Ly and 7, are the short-circuit inductance and resistance of the intermediate
transformer. The corresponding voltage balance equation is:

Uy=KU, —[r,+§(X, + Xo)|I (5)

The corresponding phasor diagram is shown in Figure 6d. In compensation
reactor engineering design, typically X, = X is used to minimize voltage ratio
error. Phase error mainly originates from the power factor of voltage transformer
load impedance Z. When cos ¢ = 1, U2 is in phase with Ul. Additionally, since
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resistance r;, is very small, under normal operation it can be considered that
U, ~ KUj.

5.2 Post-Fault Phasor Analysis

After the protective arrester parallel to the compensation reactor terminals
failed, its insulation resistance became 0 and it lost protective function. Multi-
meter measurement showed arrester resistance of 1461 2, far smaller than the
compensation reactor impedance of 21.5 k2. The parallel combination approx-
imates an equivalent resistance r,;, = 1461 2. Capacitor equivalent resistance
(approximately 27 Q) and intermediate transformer short-circuit resistance are
small enough to be neglected. The equivalent circuit is shown in Figure 7a,
where X = jwL,p is much smaller than X,. The corresponding voltage
balance equation becomes:

Uy=KU, —[r,+ry—ij(Xe— X))l (6)

From equation (6), the post-fault CVT equivalent circuit exhibits capacitive
characteristics, with current I leading voltage Ul. The lead angle depends on
the magnitude and power factor of the equivalent load. The corresponding
phasor diagram is shown in Figure 7b [Figure 7: see original paper]. Clearly,
the load voltage drop magnitude U, will also be smaller than KU,, producing
the observed abnormal condition of reduced secondary voltage magnitude and
phase lead.

5.3 Quantitative Post-Fault Analysis

Based on the post-fault CVT equivalent circuit and test data from this case,
quantitative calculation and analysis were performed. Table 8 provides the
parameters used in this calculation.

Table 8. Calculation parameters

Parameter Value

Cl(pF) -
C2 (pF) -
XKkT (Q) -
Ul (kV)  295-120°

Let the intermediate transformer secondary output voltage be #,. From Figure
Ta:

U, KU

Ug
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where k in equation (7) is the intermediate transformer voltage ratio, taken as
218. Using parameters from Table 8 and combining equations (6) and (7):

1757 — j20501 + Z
Uy = 59"

Z—120" (8)

Numerical simulation calculations were performed using MATLAB software for
different equivalent load impedances. The results are shown in Figure 8 [Figure
8: see original paper].

Figure 8. Secondary voltage calculation results

Figure 8 shows that secondary output voltage magnitude u, increases with
increasing equivalent load impedance Z, and the phase of secondary output
voltage u, leads the normal angle (-120°). The smaller the equivalent load
impedance, the greater the phase lead angle of u,. The larger the power fac-
tor of the equivalent load impedance, the smaller the secondary output voltage
magnitude u, and the smaller its phase lead angle (compared to the normal
-120° angle).

Substituting the field-measured secondary voltage of 19.13Z — 53° into equa-
tion (8) yields Z = 7229£0.77°Q. This means when the equivalent load Z
is 722920.77° Q, the secondary voltage abnormality observed in this case will
occur.

6 Conclusions

Based on the fault handling and cause analysis of a 500kV CVT arrester failure,
this paper studied the causes of abnormal secondary output voltage due to
protective arrester failure at CVT compensation reactor terminals, reaching the
following conclusions:

1. The cause of the CVT secondary output voltage abnormality was internal
valve plate damage and insulation degradation in the protective arrester
parallel to the compensation reactor terminals in the CVT electromagnetic
unit.

2. Maintenance measures for CVT protective arresters should be strength-
ened, including enhanced monitoring of CVT secondary voltage during
operation and timely action when abnormalities are detected.

3. With the development of AC-DC hybrid grids, harmonic components in
the power system have become significantly more complex, presenting new
challenges for CVT parameter coordination. Professional technical per-
sonnel should be organized to optimize CVT parameter configuration to
suppress potential ferroresonance.

4. A qualitative phasor analysis was performed on the protective arrester fail-
ure in CVT, explaining why the secondary output voltage exhibits reduced
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magnitude and phase lead.

5. Combined with test data from this case, quantitative analysis was con-
ducted on the variation of CVT secondary output voltage with load after
protective arrester failure. Calculations determined that when the equiv-
alent load Z is 7229./0.77° (2, secondary voltage abnormalities will occur.
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