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Abstract. A distribution transformer is one of the most important equipments in the power grid, 
and its operational status is directly related to the security and stability of the entire power system. 
The performance of transformer windings determines the service life of the transformer. It is of 
great significance to evaluate the performance of transformer windings accurately, reliably, and 
effectively after the short-circuit test of the transformer. Aiming at the problem that the natural 
vibration frequency of the transformer measured before and after the short circuit may not be the 
same under the impact of the short circuit of the transformer, this paper puts forward the evaluation 
method for the performance evaluation of the winding of the transformer after the short circuit test 
and adopts the method of combining the analytic hierarchy process with the fuzzy evaluation 
method to quantitatively obtain the score for the performance evaluation of the winding. And that 
evaluation language is given according to the score. Finally, the evaluation of the transformer 
winding performance after the short-circuit test is realized. The evaluation results show that this 
method can effectively get the performance index of the transformer winding, without the need 
for hanging cover inspection, and solve the subjectivity of human eye observation to objectively, 
accurately, and quantitatively describe the performance state of the transformer winding. The 
method is favorable for power grid monitoring and maintenance personnel to accurately evaluate 
the operation stability of the transformer and has very positive significance for improving the 
short-circuit impact resistance of the transformer and ensuring the safety and stability of the 
operation of a power system. 
Keywords: power network monitoring, equipment safety, transformer short circuit impedance, 
short circuit test, winding performance. 

1. Introduction 

With the development of the energy Internet, the number of large power transformers in 
operation will also increase. When the power transformer has a short circuit, the huge impact 
current will make the winding in the instantaneous increase of the leakage magnetic field. Under 
the action of these two instantaneous impact variables, the insulation characteristics of the 
transformer winding will be destroyed and subjected to hundreds of times the short-circuit impact 
force, and more seriously, the winding will be broken, and the winding structure will be deformed 
or collapsed. This kind of serious accident will directly lead to large-scale power outages in the 
power system, causing huge losses to the national economy. It is inevitable that the transformer 
winding fault occurs due to the short-circuit current, so it is of great significance for the stability 
of the power grid to detect the occurrence of the fault and improve the anti-short-circuit ability of 
the power transformer [2].  

The most important part of the transformer is the winding, and the failure of the transformer 
winding is the primary cause of transformer accidents. With the increase of the scale of the 
distribution network and equipment capacity year by year, the accidents of distribution 
transformers are also increasing. Due to the lack of short-circuit resistance of transformer 
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windings, the number of short-circuit faults of transformers is also increasing year by year [3]. 
During the normal operation of the transformer, a short-circuit accident may occur. After the 
short-circuit impact, the winding of the transformer may be deformed or even damaged. 
Sometimes the transformer will be damaged immediately after deformation, but it is more likely 
that it can still operate for some time, depending on the severity of the deformation and the 
performance of the component itself [4]. The main reason for the damage of transformer winding 
structure is the impact of electromagnetic force. The transformer has a very complex magnetic 
circuit structure, so it is particularly important to study the distribution of leakage magnetic field 
and the impact of short circuit. Whether the transformer can remain stable after the impact of 
short-circuit force, the key is to analyze the distribution of its leakage magnetic field and 
electromagnetic force, and find out the weak position of the winding which is easily damaged after 
being stressed. A large amount of relevant experience has been accumulated in the decades of 
development of the power industry. The analysis method is mainly based on simulation calculation 
and experimental verification [2].  

In recent years, scholars in China and abroad have done a lot of research work on the 
calculation and analysis of leakage magnetic field distribution in power transformers. Due to the 
lack of research experience on the manufacturing and design of UHV converter transformers in 
China, many difficulties have been encountered in the development of the UHV converter 
transformers in China. Wang Jianmin and others have established two-dimensional and 
three-dimensional fine models of converter transformers and calculated and analyzed the special 
structures of transformers such as parallel branches and axial splits by using the “field-circuit” 
coupling analysis method. The change law of the characteristic parameters of the transformer in 
the asymmetric operation is summarized. Ye Jian et al. simulated the leakage magnetic field value 
of the transformer tank with finite element analysis software and summarized its distribution law, 
obtained the leakage magnetic field value under different magnetic shielding through calculation, 
and analyzed the effect of magnetic shielding on improving the distribution of leakage magnetic 
field of tank [5].  

At present, the short-circuit test of the transformer has become a very important means to test 
the quality of the transformer and has been paid attention to by a large number of domestic and 
foreign experts and scholars in the power industry. After the short-circuit test, how to evaluate the 
transformer performance accurately, reliably, and effectively has become an important issue to be 
solved. It is of great significance to research on the evaluation method of distribution transformer 
winding performance based on the short-circuit test. In 2017, Li Shengnan et al. studied the 
short-circuit current of autotransformer in case of short-circuit turn fault, and conducted 
calculation and analysis [6]. In 2017, Zhou Guowei and others studied the formula derivation of 
transformer short-circuit current under different connection modes, and used Excel to calculate 
the influence of three-phase current waveform and closing angle on peak short-circuit current 
waveform [7]. In 2017, He Dongsheng et al. derived the formulas in GB, IEC, and IEEE standards 
by using the method of traceability, and proposed the calculation method of short-circuit current 
under different frequencies and temperatures [8]. In 2018, Zou Dekai et al. calculated the short-
circuit current of the transformer under different working conditions in the actual power grid based 
on the theoretical derivation and verified it by simulation [9]. In 2019, Li Longnu et al. calculated 
the equivalent circuit and short-circuit current of the split transformer with balanced windings 
under different short-circuit conditions by using the symmetrical component method and the 
“field-circuit” coupling method [10]. 2020 Jin Lei et al. analyzed and compared the international 
and actual short-circuit current calculation methods, proposed transformer risk assessment, and 
solutions, and verified them with examples [11]. 

In this paper, the equivalent model of the transformer is established. By analyzing and 
calculating the distribution parameters of transformer windings, the quality evaluation of the 
transformer is analyzed and defined. Then the performance of the transformer is evaluated by the 
parameter changes of the short-circuit impedance before and after the short-circuit test obtained 
from a power grid company. By using the short-circuit impedance method, the short-circuit 
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impedance values of the transformer before and after the short-circuit test are analyzed and 
compared and combined with the provisions of China's electric power industry standards, the 
value of short-circuit impedance change that can characterize the quality of transformer windings 
is obtained.  

The main innovations of this paper are: 
1) Short-circuit impedance method, rate response method and vibration wave method are used 

to estimate the winding performance of short-circuit orchestration. 
2) Adopt an analytic hierarchy process to obtain a weight matrix of each index adopted for 

evaluating the quality of the transformer, and calculate a synthetic weight.  
3) By calculating the comprehensive index of fuzzy evaluation, the evaluation conclusion is 

given according to the score set corresponding to the obtained score. 

2. Related work 

2.1. Transformer short circuit 

When the transformer is suddenly short-circuited, the resistance of the low-voltage side of the 
transformer winding becomes smaller. The current becomes particularly large so that the coil is 
subjected to a large electrodynamic force. The coil of the transformer may undergo plastic 
deformation and cannot return to its original position, resulting in insulation problems, or even 
wire breakage due to excessive force on the coil. In addition, a large current is generally 
accompanied by temperature problems. In the case of high temperature, the performance of the 
transformer winding is reduced, and the transformer will fail due to high temperature. At present, 
the short-circuit test of transformers has become a very important means to test the quality of 
transformers, which has attracted the attention and concern of a large number of domestic and 
foreign experts and scholars in the power industry. However, there are few reports on the 
performance evaluation of transformer windings, and there are still the following problems:  

(1) For the detection of the hanging cover, although some problems on the surface of the 
winding can be observed with the naked eye, it is difficult to observe the internal situation of the 
transformer winding through vision, and it is subjective to observe with the naked eye. Because 
the detection of the hanging cover will also be affected by some uncontrollable factors due to the 
contact of the transformer winding with the external environment [12].  

(2) It is impossible to describe the winding performance state objectively, accurately, and 
quantitatively. And how to extract the characteristic signals of transformer windings in a lossless, 
fast and effective way to evaluate the performance of transformer windings [13].  

(3) What kind of indicators are needed for field operators to judge the performance of 
transformer windings [14]. 

2.2. Short circuit impedance method 

Short-circuit impedance method is the earliest method to judge whether there is deformation 
in the winding without hanging the cover. Compared with previous methods, this method has high 
repeatability and simple operation. Thus, that method is widely used, and there are many standards 
for this method at present [15]. The operation of this method is shown in Fig. 1. 

It is closely related to the internal conditions of the transformer. If the transformer is deformed, 
the structure of the transformer will change accordingly, and the value of its short-circuit 
impedance may also change [16]. The main judgment methods are shown in Table 1. 

Table 1. Relationship between short-circuit impedance value and transformer state 
Change of short circuit impedance Transformer winding condition 

No changing Non-shape-transformation 
Small changes Slight deformation 
Big changes Large deformation  
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Fig. 1. Operation flow of short-circuit impedance method 

The wiring mode of short-circuit impedance method is shown in Fig. 2. 
In Fig. 2, the parameters are shown in Table 2. 
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Fig. 2. Wiring diagram of short circuit impedance method 

Table 2. Definition of wiring parameters of short-circuit impedance method 
Symbols Definition 𝑉 Input voltage 𝐴 Input current 𝑊 Active power input 𝑅ଵ Input winding resistance 𝑋ଵ Input winding reactance 𝑅ଶ The output is equivalent to the resistance of the input 𝑋ଶ Output reactance equivalent to input reactance 𝑅ଷ Winding excitation resistance 𝑋ଷ Winding excitation reactance 

The calculation formula of this method is shown in Eq. (1): |𝑍௞| = ቚඥ(𝑅ଵ + 𝑅ଶ)ଶ + (𝑋ଵ + 𝑋ଶ)ଶቚ = ฬ𝑈𝐼 ฬ, (1)
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𝑅௞ = 𝑅ଵ + 𝑅ଶ = 𝑃𝐼ଶ, (2)𝑋௞ = 𝑋ଵ + 𝑋ଶ = ට𝑍௞ଶ − 𝑅௞ଶ. (3)

2.3. Frequency response method 

The frequency response method was first proposed by E. P. Dick and his colleagues. Due to 
the continuous research and innovation, the frequency response method has been regarded as a 
very mature technology, and the frequency response method can be used to evaluate transformer 
windings. In the case of high frequency (2000 Hz and above), the iron core of the transformer is 
saturated, which makes its function invalid. The winding of the transformer is regarded as a 
two-port network composed of RLC. When the winding structure of the transformer changes, its 
equivalent passive two-port network will also change, which will change the spectrum of the 
frequency response. By analyzing the characteristics of this change, the performance of the 
transformer winding can be evaluated.  

The state of the transformer can be judged by both horizontal and vertical comparison methods. 
The horizontal comparison method is to compare the frequency response of phase A, phase B and 
phase C under the same conditions in the same time period, while the vertical comparison method 
is to compare the frequency response of phase A, phase B and phase C in different time 
dimensions. The longitudinal comparison method is to compare the frequency response in 
different time dimensions and in the same phase sequence.  

The output of FRA needs to be measured. After Laplace transform of the two functions, they 
can be compared with each other to obtain the function of frequency response. Through the method 
of horizontal comparison or vertical comparison, the performance of the winding can be evaluated. 
Fig. 3 shows the frequency response method detection circuit and the distributed parameter model 
of the transformer winding. 

 
Fig. 3. Frequency response method detection circuit and transformer winding distributed parameter model 

2.4. Vibration wave law 

In the oscillatory wave method, the transformer is regarded as a two-port network composed 
of RLC. The RLC series circuit is composed of the inter-cake capacitance, inter-turn capacitance, 
inductance and other distribution parameters inside the transformer. A DC source is applied to the 
outside. When the switch is instantaneously grounded, the system composed of the transformer 
constitutes the RLC oscillation circuit. Under certain conditions, the oscillation wave circuit is 
formed. When the internal structure of the transformer changes, the corresponding parameters 
such as the inter-cake inductance, the inter-cake capacitance, the inter-turn capacitance and the 
capacitance to ground will change accordingly. By extracting the oscillation wave index, the 
corresponding relationship between the index and the internal parameters of the system can be 
established. The performance evaluation of the transformer can be realized under the condition of 
not suspending the cover. The method can adopt higher voltage, can excite the characteristics of 
the transformer with larger energy under the condition of high voltage, and has strong capability 
of resisting field environment interference and good reliability.  
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2.5. Comparison and analysis of transformer winding evaluation methods  

This paper lists several methods for evaluating the winding of a transformer, each of which 
has a different response to different parameters of the transformer. For slight deformation, 
moderate deformation, severe deformation, short circuit fault and open circuit of the winding, 
different methods have different response and sensitivity to the winding fault. The advantages and 
disadvantages of these methods are shown in Table 3. 

Table 3. Comparison of transformer winding deformation detection methods 
Inspection 

method Advantages Disadvantages 

Short circuit 
impedance 

method 

The experimental method is simple 
and easy to operate, and has 

quantitative criterion. 

Difficult to reach rated current; low 
sensitivity; difficulty in measuring slight 

deformation 

Vibration 
method 

It has strong anti-electromagnetic 
interference capability and is a 

mechanical method rather than an 
electrical method, so it will not add 

new fault points. 

It is vulnerable to the interference of 
manufacturing level, test location, operation 
status, environment, etc. The technology is 
not mature enough, which has an impact on 

equipment and human safety. 

Oscillatory 
wave method 

Strong anti-interference ability, high 
sensitivity and high voltage , can 

excite system characteristics. 
Difficulty in measuring slight deformation 

In this paper, the short-circuit impedance method is mainly used, and the oscillatory wave 
method is supplemented. The mechanism of this method is deeply studied and the appropriate 
indicators are found. These methods are used to evaluate the performance of distribution 
transformer windings after short-circuit test. 

3. Broadband equivalent circuit model of transformer 

When establishing the equivalent model of transformer winding under different frequencies, 
the role of transformer core and winding must be considered. The transformer winding model 
behaves differently at different frequencies. At low frequencies, the role of the core is relatively 
large, including the magnetizing inductance and the resulting parasitic capacitance and core losses 
[17]. When the frequency increases slowly, the winding is more important, including distributed 
capacitance, distributed inductance, equivalent resistance, and other parameters. In the case of 
input voltage of 2000 Hz and above, the transformer winding can be approximately equivalent to 
a passive two-port network composed of RLC. At this time, the iron core of the transformer plays 
a smaller role and the winding plays a larger role [18]. In this paper, the short circuit impedance 
method, the frequency response method, and the oscillatory wave method are used to evaluate the 
performance of transformer windings in the frequency range of 0-10 MHz. According to the 
national standard, 0-2000 Hz is divided into low frequencies. 2000 Hz-20 kHz is the intermediate 
frequency and 20 kHz-10 MHz is the high frequency. 

Table 4 shows the influence factors of frequency response at different frequencies. In the low-
frequency area (within 2 kHz), the frequency response characteristics are determined by the core 
excitation inductance and the transformer body capacitance; in the intermediate frequency area 
(2 kHz-20 kHz), the frequency response characteristics are mainly affected by the coupling 
between windings, which is closely related to the winding layout and connection mode. In the 
high-frequency region (20 kHz-10 MHz), the response characteristics depend on the winding 
leakage inductance and the winding series capacitance to ground capacitance. In this region, the 
series capacitance is the decisive factor affecting the shape of the frequency response curve. 
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Table 4. Frequency response influencing factors at different frequencies 
Frequency Frequency range Influence factors of frequency response characteristic 

Low frequency 0-2 kHz Core excitation inductance and transformer body capacitance 
Intermediate 

frequency 2 kHz-20 kHz Coupling condition between windings, winding arrangement 
and connection mode 

High frequency 20 kHz-10 MHz Winding leakage inductance and winding series capacitance 
to ground capacitance 

To evaluate the performance of transformer windings, such as the sweep frequency method 
and oscillatory wave method, the transient state of transformer windings should be considered. 
For transient analysis, it is a simple and effective method to obtain a black-box model based on 
terminal measurements. In this method, the equivalent RLC circuit network is measured by 
terminal measurement in the factory or field, and the measured characteristics, such as impedance 
or admittance curve in the frequency domain, can be clearly expressed by a model accurately 
established by vector fitting technology [19]. 

3.1. Mathematical model of single-core double-winding transformer 

At low frequencies (typically 2000 Hz and below), the transformer winding must be modeled 
to account for the core. The behavior of the core (magnetizing inductance, core power losses, and 
parasitic capacitances coupled to the magnetizing inductance) is significant at very low 
frequencies, while the effects of the windings (copper losses, leakage inductance, and other stray 
capacitances) are negligible [20]. In the case of low frequency, it is necessary to consider the role 
of the iron core. The mathematical model of the transformer is analyzed and calculated through 
the transformer with a single iron core and double windings, as shown in Fig. 4. 

1

2

3

4

i12 i34

 
Fig. 4. Transformer model with single core and double winding 

(1) Voltage equation (primary side): ൜𝑈ଵଶ = 𝑟ଵଶ𝑖ଵଶ + 𝑒ଵଶ,𝑈ଷସ = 𝑟ଷସ𝑖ଷସ + 𝑒ଷସ. (4)

(2) Flux equation (primary side): ൜𝜓ଵଶ = 𝐿ଵଶ𝑖ଵଶ + 𝐿௠𝑖ଷସ,𝜓ଷସ = 𝐿ଷସ𝑖ଷସ + 𝐿௠𝑖ଵଶ. (5)𝐿ଶଵ is the self-inductance of winding 12. 𝐿ଷସ is the self-inductance of winding 34, and 𝐿௠ is 
the mutual inductance between windings 12 and 34. These three inductances need further 
representation [21].  𝐿ଵଶ is the self-inductance of 12 windings: 𝐿ଵଶ = 𝐿ଵଶ௠ + 𝐿ଵଶଵ = 𝑁ଵଶଶ 𝜆௠ + 𝑁ଵଶଶ 𝜆ଵଶଵ. (6)𝐿ଷସ is 34 winding self-induction: 
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𝐿ଷସ = 𝐿ଷସ௠ + 𝐿ଷସଵ = 𝑁ଷସଶ 𝜆௠ + 𝑁ଷସଶ 𝜆ଷସଵ. (7)𝐿௠ is mutual inductance between windings 12 and 34: 

𝐿௠ = 𝜓ଵଶ_ଷସ𝑖ଷସ = 𝑁ଵଶ𝜙௠𝑖ଷସ = 𝑁ଵଶ(𝐹ଷସ𝜆௠)𝑖ଷସ = 𝑁ଵଶ(𝑁ଷସ𝑖ଷସ𝜆௠)𝑖ଷସ = 𝑁ଵଶ𝑁ଷସ𝜆௠. (8)

Substitute 𝐿ଵଶ, 𝐿ଷସ, and 𝐿௠ in terms of permeance and coil turns into the flux linkage equation: 

൜𝜓ଵଶ = (𝑁ଵଶଶ 𝜆௠ + 𝑁ଵଶଶ 𝜆ଵଶଵ)𝑖ଵଶ + (𝑁ଵଶ𝑁ଷସ𝜆௠)𝑖ଷସ𝐿௠,𝜓ଷସ = (𝑁ଷସଶ 𝜆௠ + 𝑁ଷସଶ 𝜆ଷସଵ)𝑖ଷସ + (𝑁ଵଶ𝑁ଷସ𝜆௠)𝑖ଵଶ.  (9)

3) According to Faraday’s law of electromagnetic induction, the voltage and flux linkage 
equations are established simultaneously: 

൞𝐸ଵଶ = 𝑑𝜓ଵଶ𝑑𝑡 ,𝐸ଷସ = 𝑑𝜓ଷସ𝑑𝑡 , (10)

൜𝑈ଵଶ = 𝑟ଵଶ𝑖ଵଶ + 𝑝ሾ(𝑁ଵଶଶ 𝜆௠ + 𝑁ଵଶଶ 𝜆ଵଶଵ)𝑖ଵଶ + (𝑁ଵଶ𝑁ଷସ𝜆௠)𝑖ଷସሿ,𝑈ଷସ = 𝑟ଷସ𝑖ଷସ + 𝑝ሾ(𝑁ଷସଶ 𝜆௠ + 𝑁ଷସଶ 𝜆ଷସଵ)𝑖ଷସ + (𝑁ଵଶ𝑁ଷସ𝜆௠)𝑖ଵଶሿ. (11)

4) Winding conversion (coordinate transformation). 

3.2. T-type equivalent circuit 

Converted to the winding, the two ends of the voltage equation of the winding are multiplied 
by 𝑁௫ 𝑁௬⁄ , which is converted to 12 windings, and the two ends of the second equation of Eq. (11) 
are multiplied by 𝑁ଵଶ 𝑁ଷସ⁄ , which is: 𝑁ଵଶ𝑁ଷସ 𝑢ଷସ = 𝑁ଵଶ𝑁ଷସ 𝑟ଷସ𝑖ଷସ + 𝑝[𝑁ଵଶ(𝑁ଷସ𝜆௠ + 𝑁ଷସ𝜆ଷସଵ)𝑖ଷସ + (𝑁ଵଶଶ 𝜆௠)𝑖ଵଶ]       = ൥ቆ𝑟ଷସ 𝑁ଵଶଶ𝑁ଷସଶ ቇቆ𝑖ଷସ 𝑁ଵଶଶ𝑁ଷସଶ ቇ+ 𝑝 ቈ(𝑁ଵଶଶ 𝜆௠ + 𝑁ଵଶଶ 𝜆ଷସଵ)ቆ𝑖ଷସ 𝑁ଵଶଶ𝑁ଷସଶ ቇ + (𝑁ଵଶଶ 𝜆௠)𝑖ଵଶ቉൩, (12)

𝑈ଷସᇱ ≜ 𝑟ଷସᇱ 𝑖ଷସᇱ + 𝑝𝐿ଵଶ௠(𝑖ଷସᇱ + 𝑖ଵଶ) + 𝑝𝐿ଷସଵᇱ 𝑖ଷସଵᇱ . (13)

The system of simultaneous equations is then transformed into: ൜𝑈ଵଶ = 𝑟ଵଶ𝑖ଵଶ + 𝑝𝐿ଵଶ௠(𝑖ଷସᇱ + 𝑖ଵଶ) + 𝑝𝐿ଵଶଵ𝑖ଵଶ,𝑢ଷସᇱ = 𝑟ଷସᇱ 𝑖ଷସᇱ + 𝑝𝐿ଵଶ௠(𝑖ଷସᇱ + 𝑖ଵଶ) + 𝑝𝐿ଷସ௟ᇱ 𝑖ଷସᇱ .  (14)

Fig. 5 shows the "T" equivalent circuit of the transformer, which is the most basic and simplest 
circuit model for the analysis of single-phase transformers [22]. 

4. Transformer winding performance evaluation experiment 

4.1. Experimental environment 

When the transformer is manufactured, the characteristics and parameters of the transformer 
have been fixed. Thus, if the transformer is deformed, its inherent characteristics or inherent 
parameters may also change. In view of this situation, this paper uses the short-circuit impedance 
method to simulate the deformation of the winding by changing the distribution parameters in 
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different parts of the transformer winding.  
The Multisim is powerful. It can simulate the circuit, use the industrial standard SPICE 

simulator to simulate the circuit, which contains professional advanced SPICE analysis and virtual 
instruments, and can quickly verify the circuit design in advance in the design process. Thus, this 
paper uses the Multisim as the simulation software. 

R12 R34L12 L34

- i12 +

U12 U34

L12m

i34

 
Fig. 5. “T” type equivalent circuit model of transformer 

4.2. Analysis of short-circuit impedance of distribution transformer winding 

Because the power frequency of the short-circuit impedance method is 50 HZ, which belongs 
to low frequency, the transformer model adopts the “T” equivalent circuit model, which can well 
reflect the model of the short-circuit impedance parameters of the transformer.  

For transformers with tap switches, if not specified, it generally refers to the main tap. The 
fractional value 𝑧 for the short circuit impedance is expressed as: 𝑧 = 𝑍௞𝑍௥௘௙ × 100%, (15)

where: 𝑋௞ is the short circuit reactance; 𝑍௞ is the short circuit impedance; 𝑍௥௘௙ is the reference 
impedance; 𝑋௞ is the imaginary part of 𝑍௞. Where 𝑍௥௘௙ is expressed as: 

𝑍௥௘௙ = 𝑈ଶ𝑆௥ , (16)

where, 𝑈 is the voltage of 𝑍௞ and 𝑍௥௘௙ winding (kV); 𝑆௥ is the reference value of rated capacity 
(kVA).  

For the power transformer windings, as long as one of the windings is deformed, the inductance 𝐿௞ of the phase will change, so that 𝑋௞, 𝑍௞ and 𝑧 will also change. Therefore, the values of 𝑋௞, 𝑍௞ 
and 𝑧 are measured. If they change, it is inferred that the winding is deformed. The power 
transformers used in this paper are all distribution transformers, and their winding connection type 
is Dyn11. Therefore, for the connection type of the winding, the connection mode of the 
distribution transformer short-circuit impedance method is shown in Table 5. 

Table 5. Wiring diagram of transformer impedance short circuit method  
for Dyn11 winding connection type 

Connection 
type 

Phase 
sequence 

Excitation test 
phase 

Response test 
phase 

Secondary side short 
circuit 

Dyn11 
A A B 0-a short circuit 
B B C 0-b short circuit 
C C A 0-c short circuit 
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4.3. Comparison and analysis of short-circuit impedance of distribution transformer before 
and after short-circuit test 

The current data of short-circuit impedance and transformer winding deformation of 
distribution transformer are the test data of short-circuit impedance before and after the short-
circuit test of distribution transformer provided by several power supply companies. The data is 
shown in Table 6. 

According to the short-circuit impedance test data before and after the short-circuit test of the 
distribution transformer, the relationship between the impedance change and the winding 
deformation can be inferred, so that the evaluation of the transformer winding can be realized. 

Table 6. Comparison of short circuit impedance and analysis of deformation  
of distribution transformer before and after short circuit test 

High/low 
pressure 

(kV) 

Capacity 
(kVA) 

Phase 
sequence 

Normal value 
of reactance 

(0) 

Reactance 
value after test 

(0) 

Rate of reactance change 
(%) 

10/0, 4 630 
A 7, 15 6, 55 –8, 4 Deformation 
B 8, 05 7, 65 –5 Deformation 
C 7, 95 7, 45 –6, 3 Deformation 

10/0, 4 315 
A 11, 45 12, 225 33 Serious deformation 
B 12, 15 17, 625 45 Serious deformation 
C 12, 05 11, 775 –2 No deformation 

4.4. Analysis of transformer performance evaluation based on short-circuit impedance 
method 

The capacity of the distribution transformer is generally 1000 kVA and below, and the voltage 
is 10 kV. If it is a longitudinal comparison, the relative change of the winding parameters of the 
distribution transformer will not be more than ±2.0 %. If it is a horizontal comparison, the 
maximum relative change of the three-phase winding parameters of the transformer should not be 
more than 2.5 %. For 10 kV distribution transformer, the reference value of system impedance is 𝑍௦ = 0.21 Ω, as shown in Table 7. 

Table 7. Attention value of aspect ratio of short-circuit impedance method 

Comparison Transformer 
evaluation index Capacity Voltage Relative variation ratio of 

winding parameters 

Longitudinal 
comparison 

Short circuit 
impedance 

100 MAV and 
below 

Below 
220 kV ≤ ±2 % 

Short circuit 
impedance 

100 MVA and 
above 

220 kV and 
above ≤ ±1.5 % 

Horizontal 
comparison 

Short circuit 
impedance 

100 MVA and 
below 

Below 
220 kV ≤ ±2.2 % 

Short circuit 
impedance 

100 MVA and 
above 

220 kV and 
above ≤ ±1.9 % 

According to the obtained short-circuit impedance test data of the distribution transformer 
before and after the short-circuit test, the corresponding relationship between the short-circuit 
change and the deformation of the transformer before and after the short-circuit test can be 
obtained. Whether the test is qualified or not can be obtained to realize the performance evaluation 
of the transformer winding, as shown in Table 8. 

For the above deformation conditions, the law of the change rate of the short-circuit reactance 
of the transformer and the degree of deformation is obtained, as shown in Fig. 6. 
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Table 8. Comparison and analysis of short circuit impedance  
of distribution transformer before and after short circuit test 

Rate of reactance change (%) Deformation degree Test qualification 
–8.4 Deformation Poor 
–5 Deformation Poor 

–6.3 Deformation Poor 
33 Serious deformation Very poor 
45 Serious deformation Very poor 
–2 No deformation Medium  
0 No deformation Excellent 

4.5 Slight deformation Poor 
0.42 No deformation Excellent 
1.5 Deformation Slight poor 
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Fig. 6. The relationship between the change rate of short-circuit impedance  

of transformer winding and the degree of deformation 

As shown in Fig. 5, after the transformer passes the short-circuit test, in the short-circuit 
impedance method, the change rate of the short-circuit impedance reflects the deformation of the 
distribution transformer. Therefore, in most cases, the short-circuit impedance method can be used 
to evaluate the performance of the transformer. However, since the cases of no deformation and 
slight deformation overlap each other, it is difficult to judge whether deformation occurs in the 
overlapping part. According to the Chinese power industry standard DL/T1093-2018 [23] and the 
horizontal comparison method [24], the following conclusions are obtained in this paper, as shown 
in Table 9. 

Table 9. Short-circuit impedance change rate thresholds  
for distribution transformer winding quality conditions 

 Excellent Good Medium Poor Relatively poor Very poor 
Change rate of  

short-circuit impedance (%) 0 0-0.5 0.5-2.5 1-5 5-15 More than 15 

After a distribution transformer is subjected to a short-circuit test, the performance of a 
transformer winding is evaluated by adopting short-circuit impedance. A short-circuit impedance 
change rate threshold of the quality condition of the distribution transformer winding is obtained. 
When the short-circuit impedance change rate is 0, the distribution transformer is excellent; when 
the short-circuit impedance change ratio is 0 to 0.5 %, the distribution transformer is good; and 
when the short-circuited impedance change ratio is 0.5 to 2.5 %. When the change rate of  
short-circuit impedance is 1 %-5 %, it is poor; when the change rate of short-circuit impedance is 
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5 %-15 %, it is relatively poor; when the rate of change of short-circuit impedance reaches 15 % 
or more, it is very poor. 

5. Conclusions 

In this paper, an evaluation method for the performance of transformer windings under 
short-circuit test is proposed. By simplifying the distributed parameter model of transformer 
windings, a simplified equivalent model of transformer windings is obtained. The main work 
includes:  

1) The method first studies the broadband equivalent circuit model of the transformer winding, 
and obtains the distributed parameters of the high-frequency equivalent model of the transformer.  

2) Obtain the threshold of short-circuit impedance change that can characterize the quality of 
transformer windings by using the short-circuit impedance method and combining the provisions 
of China’s power industry standards.  

3) Through the simulation, the change of the internal parameters of the transformer and the 
change of the indicators of the three methods are quantitatively obtained, which solves the problem 
of quantitative evaluation of the transformer winding performance after the short circuit test. This 
method does not need to hang the cover for inspection, and can effectively obtain the performance 
indicators of the transformer winding.  

In this paper, after the short-circuit test of the transformer, the comprehensive evaluation of 
the transformer winding performance is carried out by a single method, which has the problems 
of single means and inaccurate evaluation accuracy. A comprehensive assessment of transformer 
winding performance considering multiple methods has not been found. In the next step, we will 
consider a variety of methods to evaluate the winding resistance performance of the transformer. 
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