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Abstract 
Taking the capacitive voltage transformer (CVT for short) as the research background, 
the working principle of the capacitive voltage transformer is introduced in detail, and 
the circuit of the transformer is equivalent and analyzed. In view of the common failures 
of capacitive voltage transformers, the test methods and numerical changes of each 
failure are analyzed. 
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1. Introduction 

The transformer is an important equipment in the substation. It can convert the high voltage of the 
line or bus into a lower secondary voltage through a transformer for measurement and protection 
components. It can also isolate the high-voltage line from the low-voltage line. There are many types 
of transformers, which are divided into capacitive voltage transformers and electromagnetic voltage 
transformers. Among them, electromagnetic voltage transformers are larger in size and small in 
capacity; compared with capacitive voltage transformers, they have high impact insulation strength, 
small size, and Low cost, so it is widely used in 10kV, 110kV, 220kV, 500kV and 1000kV circuits. 
However,If the CVT fails, the protection will malfunction or fail, and the failure detection of the 
primary circuit will be missed. Now the principle and common failures of capacitive voltage 
transformers are introduced for failure testing and failure data comparison analysis. Finally, analyze 
the application of machine learning to the fault detection of capacitive voltage transformers. 

2. Introduction to Capacitor Voltage Transformer 

2.1 Features of Capacitor Voltage Transformer 

Capacitive voltage transformer (CVT) is widely used in 110kV, 220kV, 500kV and other high-
voltage and ultra-high voltage power systems. It plays the role of measurement, communication, and 
protection. Compared with the traditional electromagnetic voltage transformer (PT), the cost of CVT 
is low, and its insulation performance is good, and ferromagnetic resonance does not occur; on the 
other hand,  CVT can also be used as a communication equipment. 

2.2 Capacitor Voltage Transformer Structure 

The structure of the capacitive voltage transformer is shown in Fig. 1. The CVT is mainly composed 
of two modules, namely the capacitive voltage divider unit and the electromagnetic unit. The 
electromagnetic unit is also composed of three modules, namely the intermediate transformer, the 
resonant damper and the Compensation reactor [1]. The capacitive voltage divider is composed of 
high-voltage arm capacitors and low-voltage arm capacitors, the high-voltage arm capacitors are C11 
and C12, and the low-voltage arm capacitor is C2. The high-voltage arm is connected to the high-
voltage line, and the high voltage is reduced by the voltage dividing effect of the capacitor C2, and 
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then the divided voltage is transformed into a voltage output that can be used by the secondary side 
through the intermediate transformer. 

 

 
Fig. 1 The struceture of CVT 

2.3 Working Principle of Capacitive Voltage Transformer 

Through the voltage divider capacitor connected in series, all the primary high voltage is applied to 
the voltage divider. The voltage divider component of the voltage divider will extract part of the value 
of the high voltage according to the proportion and use this as the output. This is the basic principle 
of the voltage divider [2]. The schematic diagram of the capacitive voltage transformer is shown in 
Fig. 2. It can be seen that the schematic diagram is separated by the transformer TV. The left side is 
the high-voltage and medium-voltage part of the circuit, which is mainly composed of capacitors C1 
and C2, the intermediate transformer unit balance reactor L, and the protective arrester F. The right 
side is the low-voltage secondary winding, and the resonance Damper composition. Among them, C1 
is a series of multiple capacitors, and the capacitor C2 mainly plays a role of voltage divider. A in the 
Fig. 2 is the medium voltage terminal, which is connected to the switch S through the voltage dividing 
capacitor and then grounded. The switch S controls the access to the carrier coupling device. If the 
device is not connected, the switch S is closed and the voltage dividing capacitor C2 is directly 
grounded; At power frequency, the impedance value of the carrier coupling device is very small and 
can be treated as a short circuit. In order to ensure that the capacitive voltage transformer works under 
the condition of power frequency, the compensating reactor L is connected in series to compensate 
the capacitive impedance of the capacitive voltage divider. At this time, the inductance and the 
equivalent capacitor of the voltage divider in the loop will be in a series resonance state. In this way, 
the impedance of the CVT loop itself is reduced [1].The protective arrester is added at both ends of 
the reactor to prevent lightning accidents. There is a damper on the secondary side of the transformer 
to suppress the ferromagnetic resonance of the capacitive voltage transformer. 
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Fig. 2 The Schematic of CVT 

2.4 Analysis of Capacitor Voltage Transformer Circuit 

As shown in Fig. 3, it shows the voltage division principle of capacitive voltage transformer. The 
impedance values of capacitor C1 and capacitor C2 are  ZC1 and ZC2, respectively. Analyze the 
circuit diagram and compare U1 and U2 separately using Kirchhoff's law.Writing the voltage and 
current equations (1) and (2), and further deform the formula, we can get the voltage divider ratio 
formula (3) of the capacitor, the meaning of this formula is also the step-down ratio. 
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Fig. 3 The partial pressure principle of CVT 
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3. Failure Analysis of Capacitive Voltage Transformer 

3.1 Common Faults of Capacitive Voltage Transformer 

Capacitive voltage transformers are widely used in the occasions of various electrical equipment 
protection, such as the secondary side of 110kV, 220kV, and 550kV high-voltage transmission lines, 
to facilitate the measurement of related electrical quantities. The common faults are capacitive voltage 
transformers. The protection of lightning arrester breakdown, high-voltage arm capacitor C1, low-
voltage arm capacitor C2 breakdown, short circuit failure between windings caused by water in the 
intermediate transformer, and water ingress and damp failure caused by poor sealing of the fuel tank, 
etc. 

3.2 Failure Analysis of 110kV Capacitor Voltage Transformer 

The literature [3] analyzes the abnormality of the test data of the 110kV capacitive voltage 
transformer. This literature introduces the judgment and analysis methods of the field experimental 
data, measures the insulation resistance, capacitance and dielectric loss of the CVT to make a 
comprehensive judgment, quickly and accurately points out the type and location of the defect enable 
the defect to be effectively dealt with. Finally, preventive measures for similar failures are proposed 
[3]. 

Literature [3] first uses the bridge balance method to measure the dielectric loss of the high-voltage 
arm capacitor C1 and the low-voltage capacitor C2. Through the dielectric loss value, it is found that 
the dielectric loss of the low-voltage capacitor C2 is greater than the previously measured value; then 
the insulation resistance test of the capacitive voltage transformer is carried out. The high-voltage 
arm capacitor C1, the end of the intermediate voltage transformer, and the resistance of the secondary 
winding are all normal, but the insulation resistance of the end of the intermediate voltage transformer 
and the secondary winding has been significantly reduced compared with the value of the previous 
test. After inspection, it was found that the sealing ring of the cover plate of the secondary terminal 
junction box of the capacitive voltage transformer was seriously aged, and the water vapor made the 
secondary plate of the electromagnetic unit and the small magnetic sleeve of the terminal lead of the 
capacitor damp. In conclusion, the cause of the problem is that the small magnetic sleeve of the lead 
wire at the end of the capacitor is seriously dirty, which causes the dielectric loss of the low-voltage 
arm capacitor C2  to be too large. 

 

 
Fig. 4 Self-excitation method to measure capacitors 

 

The method used in the test process is to use the self-excitation method to test the capacitance and 
dielectric loss of the high-voltage arm capacitor C1 and the low-voltage arm capacitor C2. The work 
of the self-excitation method to measure the capacitance is shown in  Fig. 4 . On the left of Fig. 4. 
It shows that the insulation of the capacitor terminal is reduced. By switching the wiring, the 
capacitance and dielectric loss of the high-voltage arm capacitor C1 and the low-voltage arm 
capacitor C2 can be measured. When the high-voltage arm capacitor C1 and the low-voltage arm 
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capacitor C2 do not break down, the bridge is balanced at this time, and the galvanometer shows a 
value of zero. If the insulation at the end of the point container is reduced, when testing the capacity 
and dielectric loss of the capacitor, it is equivalent to connecting a resistance to ground in parallel at 
the N terminal [3]. If there is a breakdown, the bridge will no longer be balanced, and the 
galvanometer will display a value at this time. When measuring the dielectric loss value, because the 
resistance to ground is connected, the phase of the current will be ahead, resulting in an angular 
deviation between the actual measured dielectric loss value on site and the actual dielectric loss value. 

3.3 Failure Analysis of 220kV Capacitor Voltage Transformer 

According to the literature [4], an abnormal test data of a 220kV capacitor voltage transformer is 
analyzed. This literature introduced a case of failure of the original protective arrester within the CVT 
electromagnetic unit. The establishment of related mathematical models and the simulation of the test 
were carried out through PSCAD software, quantitative analysis and verification. In addition to the 
failure, it also plays an important role in the early warning of the failure of the CVT protection arrester. 

When the protective arrester fails, the abnormal signal of "PT disconnection" alarm is issued 
intermittently by the 220kV auxiliary bus protection. Compared with other CVT on the same bus, the 
secondary voltage is basically balanced, and the open delta voltage is very low [4]. The fault detection 
sequence is the same as that of the conventional capacitor voltage transformer. First, the appearance 
of the capacitor voltage transformer is inspected. The insulating porcelain bottle is connected reliably, 
the appearance is clean, there is no flashover trace, and the grounding is normal. Therefore, the power 
failure is overhauled, the capacitive voltage transformer is removed from the production line, and the 
self-excitation method is used to measure the capacitance and dielectric loss of the upper capacitor 
C1 and the lower capacitor C2. The connection method is the positive connection method during the 
measurement. The measured capacitance and dielectric loss of the high-voltage arm and low-voltage 
arm are normal. To further check the electromagnetic unit, first check the secondary winding, and 
perform insulation resistance and DC resistance tests on it. The regulation is 10MΩ, and the insulation 
resistance of each secondary winding is equal. It is much larger than this value, and there is no 
significant difference between the DC resistance and the handover experimental value [4]. Therefore, 
the fault problem of the secondary winding can be eliminated. The capacitive voltage transformer is 
further disassembled, and the balance reactance and the parameters of the protective arrester are 
measured. In the actual circuit, the compensation reactor and the protective arrester are connected in 
parallel. After the disassembly, the insulating oil in the electromagnetic unit shell is clear No 
impurities, no abnormal phenomena in the wiring between the electromagnetic unit and the medium 
voltage capacitor [4]. After disconnecting the ground terminal of the compensating reactor from the 
ground, measure the insulation resistance to ground of the primary winding connected to the 
compensating reactor [4]. The result is far below the requirements of the regulations, indicating that 
there is an insulation weakening phenomenon. The transformation ratio of the secondary winding of 
the phase, as a result, meets the requirements of the safety regulations, eliminating the possibility of 
failure of the primary winding and the compensation reactor. The shell of the protective arrester was 
removed, and the insulation resistance of the protective arrester was measured separately. It was 
found that its value was much lower than the normal value. The protective arrester was further 
disassembled and the internal valve disc was found to have serious and obvious discharge traces. 
Obvious burns appear on the inner wall of the magnetic sleeve [4]. 

According to the parameters actually measured on site, the protective lightning arrester fault of the 
capacitive voltage transformer is modeled in the PSCAD software. The established model is the 
equivalent circuit model of the capacitive voltage transformer. The model structure is shown in Fig. 
5. Through simulation, it is seen that the secondary side voltage of the protective arrester in the damp 
fault has been fully expressed from large to small, and then from small to large, but the experiment 
was carried out through the understanding of the capacitive voltage transformer. Yes, the simulation 
circuit provides a new idea for fault detection. The type of fault can be determined by observing the 
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voltage change on the secondary side, which provides a new idea for the classification of subsequent 
fault. 

 

 
Fig. 5 220kV Capacitor Voltage Transformer Equivalent Circuit 

3.4 Analysis of Failure Causes of 500kV Capacitor Voltage Transformer 

Literature [5] analyzes the fault of a 500kV capacitor voltage transformer. The capacitor voltage 
transformer is not only used in 110kV and 220kV circuits, but also widely used in 500kV circuits. 
Literature [5] analyzes single-phase loss With regard to voltage problems, the capacitive voltage 
transformer was disassembled, and it was found that the medium voltage transformer inside it was 
flooded and damp, causing short circuits between windings, short circuits between turns and other 
faults. 

Similar to the detection method used in literature [4], the appearance inspection is performed first to 
see if there are traces left by flashover on the surface of the magnetic sleeve. According to literature 
[5], it can be known that no relevant fault traces have been found. Therefore, the dielectric loss value, 
insulation resistance value and capacitance value of the capacitive voltage transformer are measured 
again. The measuring instrument used is a portable capacitance dielectric loss tester, and the method 
is to directly measure the capacitance capacity and dielectric loss value of the capacitive voltage 
transformer. It is found that the capacitance of the capacitor does not change much, and the dielectric 
loss value of the CVT has the phenomenon of dielectric loss exceeding the standard. It is speculated 
that there is an abnormal insulation inside the capacitive voltage transformer, but the low-voltage arm 
capacitor C2 and the electromagnetic unit are connected together, which cannot be accurate It is 
judged whether the capacitor or the electromagnetic unit has an abnormal insulation, and the 
insulation resistance of the internal parts of the electromagnetic unit is measured with a megohmmeter. 
It is found that the No. 2 winding has lost the insulation ability, and the electromagnetic unit has a 
serious internal fault. The capacitor voltage transformer was further disassembled and the 
electromagnetic unit was opened. It was found that the oil level of the device was too high, almost 
reaching the upper edge of the mailbox. After another observation, it was found that the bottom of 
the water was serious, the top of the middle transformer was obviously rusted, and the high-voltage 
wiring board There is sludge on the upper part. The sealing groove at the connection between the 
cover plate of the electromagnetic unit and the lower section of the capacitor is severely corroded, 
and some of the sealing groove edges have been corroded. The low-voltage arm capacitance C2 was 
measured separately and found that the capacitance and dielectric loss meet the national regulations, 
so there is no problem. 

The slackness of the sealing ring of the capacitor voltage transformer causes rainwater to flow into 
the capacitor voltage transformer, causing corrosion and short circuit. The insulation between the 
windings and the winding to the ground is gradually reduced, and the insulation capacity is finally 
lost. The decrease in insulation capacity will cause short-circuits between windings, short-circuits 
between turns and other fault conditions, as well as deterioration of insulating oil and secondary loss 
of voltage. 
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3.5 Traditional Method Analysis and Comparison 

According to the literature [6]-[12], the method of returning to the factory to measure the capacitance 
and dielectric loss is a traditional method. The capacitive voltage transformer needs to be 
disassembled for measurement. It is also the most basic method to measure Different types of faults 
are analyzed, and the same fault identification as in the above literature. Literature [13]-[14] proposed 
a test method for measuring the capacitance value and dielectric loss value without disassembling the 
high-voltage connection lead, using the constant transformation ratio test method for field test and 
analysis, and using the through-core current transformer subtraction method to test The bridge is 
balanced. Literature [15] proposes a new method to measure the dielectric loss and capacitance of the 
upper coupling capacitor of a capacitive voltage transformer. The conventional test method needs to 
be measured by the positive connection method, which requires a large amount of engineering and a 
long time consumption. The upper end of the upper coupling capacitor is directly grounded through 
the transmission line. The upper end of the upper coupling capacitor is connected to the family voltage, 
and the middle coupling capacitor is artificially grounded. The reverse wiring method is used to 
measure the capacitance value and dielectric loss after the upper and middle coupling and the 
capacitor are connected in parallel. Use the positive wiring method to measure the dielectric loss and 
capacitance of the coupling capacitor in the middle section. 

At the same time, according to the reading of the literature, it can be known that the most damp faults 
are caused by the failure of the capacitor voltage transformer. On the one hand, it may be that the 
capacitor is damp, which causes the capacitance of the capacitor to drop, causing the high-voltage 
arm capacitor C1 and the low-voltage arm capacitor C2 to hit On the other hand, damp on the 
transformer will also cause a short circuit on the secondary side, causing the capacitive voltage 
transformer to work in an abnormal state. According to the literature [16]-[17], the influence of water 
content on the capacitance and dielectric loss angle of the capacitor element was carried out through 
actual experimental measurements. Among them, the literature [16] also carried out the influence of 
temperature and aging on the capacitance value. Literature [18] established different models after 
detailed analysis of capacitive equipment, and carried out a detailed analysis of the characteristics of 
capacitive equipment, and carried out experimental research on the characteristics of damp faults. 

4. Application of Machine Learning in CVT 

4.1 K-Means Algorithm Realizes Early Failure Detection of CVT 

With the rapid development of machine learning and deep learning, more and more intelligent 
algorithms are introduced into the construction of power systems, so that a strong and smart grid can 
be built. The introduced algorithms not only include primary-side intelligent power flow calculation, 
power analysis, and the fault analysis of the DC transmission line. The algorithms also used in the 
intelligent detection and fault analysis of the electrical components on the secondary side. The method 
used in literature [19] is unsupervised learning in machine learning, using the K-Means algorithm to 
detect early failures of capacitive voltage transformers, and in order to expand the data, a sliding time 
window algorithm is used. When the different capacitances of the capacitive voltage transformer are 
broken down, the voltage values of the secondary side are collected, and the K-Means clustering 
algorithm based on sliding time window is used for these voltage values. For each different time 
window, after the clustering ends Two centroids will be generated. By measuring the distance 
between the centroids, it can be determined that the capacitor voltage transformer has a breakdown 
capacitor type. 

According to the document [19], the voltage divider ratio formula can be calculated, when the high-
voltage arm capacitor C1 fails, the voltage on the secondary side will drop. When the high-voltage 
arm capacitor C2 fails, the denominator of the voltage divider ratio decreases, and the voltage on the 
secondary side will increase. The method of data processing is the dynamic time window algorithm. 
The principle is shown in Fig. 6. This method is commonly used in data expansion. By setting 
different time window sizes and sliding distances, data can be divided and expanded in groups. The 
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collected time series of the capacitive voltage transformer and the amplitude of the secondary voltage 
at each time point are divided and grouped according to different windows and activity steps. 

 

 
Fig. 6 Sliding window schematic 

 

The K-Means algorithm used is also called the C-means algorithm. It is a widely used unsupervised 
learning algorithm. Each data window randomly selects two centroids from this set of data as the 
initial clustering center, and then calculates all the data’s distance between the point and the two 
centroids separately which follows the principle of closestness, and then, Comparing the distance of 
a data point to two centroids, and the closest centroid is selected as its class. When all the points have 
completed a clustering operation. Calculating the averages of two categories points separately, select 
these two averages as the new cluster centroid, and repeat the calculation of the distance from the 
data to the centroid and the average calculation until the centroid no longer changes, which represents 
the completion of the clustering. The K-Means algorithm is also an unsupervised learning algorithm. 
Unsupervised learning means that all data does not have corresponding category labels. These data 
must be classified through a certain algorithm. According to the literature [19], the classification 
categorie set two categories, one is fault, and the other is non-fault. Before clustering, local anomaly 
factor algorithm is used to calculate the LOF value of each point, and the data with the LOF value 
greater than 1.5 is eliminated, and then the sliding time window is used to intercept different datas in 
different windows. When the data group intercepted by the sliding window does not contain the 
secondary voltage value at the time of failure, the centroid distance of the two types after clustering 
will be very close; when the data group contains fault data, the result of the clustering will 
different,There will be a significant distance between the two types of centroids, and depending on 
the type of failure, the distance between the cluster centroids will be different. 

4.2 Application of Artificial Intelligence in Power Equipmentn 

Literature [20] uses artificial neural networks to study the faults of optical voltage transformers, which 
provides a good idea for the application of deep learning in the fault warning and fault classification 
of capacitive voltage transformers. Deep learning can be used for judging related faults. 
Discrimination is also the detection of the secondary side voltage, and the fault classification is carried 
out through different fault characteristics. 

5. Conclusion 

In summary, because of the need to build a stronger and smarter power grid, while ensuring the stable 
operation of the primary-side circuit, the reliability of the secondary-side testing equipment must also 
be ensured. Capacitive voltage transformers are an important part of the secondary testing equipment. 
It is necessary to diagnose quickly when it fails, so it is imperative to introduce new failure early 
warning and detection methods. According to the literature, the method of using machine learning is 
introduced to detect the secondary side voltage of the capacitive voltage transformer. The comparison 
of the centroids can be used for early warning and classification of faults, but the K-Means algorithm 
also has the condition of clustering error. and each execution of the algorithm will take a lot of time, 
which will delay the time for fault warning. Deep learning has been applied to many aspects of fault 
classification and analysis. In the case of deep learning, neural networks can be introduced to perform 
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early warning and classification of capacitor voltage transformer faults. Data is the key to algorithm 
optimization. Both machine learning and deep learning rely on data. However, as the data gradually 
increases, the performance of machine learning algorithms will gradually become saturated, and the 
accuracy of fault warning and classification will not be improved; Compared with machine learning, 
deep learning algorithms will gradually improve the accuracy of fault warning and classification as 
data increases. Therefore, deep learning can be applied to the detection of CVT to ensure the stable 
operation of the power grid. 
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