







	[image: images]
	Computer Modeling in Engineering & Sciences
	[image: images]






DOI: 10.32604/cmes.2021.017360

ARTICLE

Empirical Thermal Investigation of Oil–Immersed Distribution Transformer under Various Loading Conditions

Syed Ali Raza*, Ahsan Ullah, Shuang He, Yifeng Wang and Jiangtao Li

School of Electrical Engineering, Xi'an Jiaotong University, Xi'an, 710049, China

*Corresponding Author: Syed Ali Raza. Email: razasyedali@stu.xjtu.edu.cn

Received: 06 May 2021; Accepted: 06 July 2021


Abstract: The distribution transformer is the mainstay of the power system. Its internal temperature study is desirable for its safe operation in the power system. The purpose of the present study is to determine direct comprehensive thermal distribution in the distribution transformers for different loading conditions. To achieve this goal, the temperature distribution in the oil, core, and windings are studied at each loading. An experimental study is performed with a 10/0.38 kV, 10 kVA oil–immersed transformer equipped with forty–two PT100 sensors (PTs) for temperature measurement installed inside during its manufacturing process. All possible locations for the hottest spot temperature (HST) are considered that made by finite element analysis (FEA) simulation and losses calculations. A resistive load is made to achieve 80% to 120% loading of the test transformer for this experiment. Working temperature is measured in each part of the transformer at all provided loading conditions. It is observed that temperature varies with loading throughout the transformer, and a detailed map of temperature is obtained in the whole test transformer. From these results, the HST stays in the critical section of the primary winding at all loading conditions. This work is helpful to understand the complete internal temperature layout and the location of the HST in distribution transformers.
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1  Introduction

The communal area has its dedicated distribution transformer. Failure of the distribution transformer may lead to an outage of electricity [1,2]. The distribution transformer is the most important component of the secondary distribution system, thus, its reliability is essential for the continuous supply of electricity to the consumers [3]. The distribution transformers face variable loading conditions and sometimes undergo high emergency loading conditions to meet supply demand during their operational life [4]. Its breakdown due to fatigue might lead to power cuts and may also cause environmental risks along with revenue loss [5]. The major effect of over–loadings on the distribution transformer is the rise in its operating temperature and it is more likely to bring a fault that can damage the transformer [6,7]. Moreover, every 6°C rise in temperature above the safe HST value would reduce its life by half [8]. Therefore, it is very significant to predict the temperature distribution and the location of the HST in the distribution transformers [9].

Direct measurement is a pronounced scheme to find out the real thermal distribution [10]. Direct methods utilize either sensor systems or thermography [11]. Optical fiber sensors and PT100 (PTs) were two commonly used sensors installed inside the transformers to measure online temperature. In [12], the temperature was monitored online at few points with optical fiber sensors that were placed in the bottom–oil, top–oil, and windings. Similar work had been done to monitor the temperature of the windings with only two optical fiber sensors with modifications on the existing probes, making a ruggedized design [13]. In another study [14], the number of optical fiber sensors was increased up to 24, out of which 18 were placed in the windings and 8 in the oil to examine the temperature changes with respect to loading conditions. However, the optical fiber sensors are not suitable for the distribution transformers because they are expensive and fragile [15]. In [16], the temperature distribution and the HST variations in the transformer were studied by using PTs. The PTs have been used in the distribution transformer applications either as a reference sensor or for validation purposes [17–20]. Various researchers have utilized PTs with special insulation coatings for temperature measurement in the power equipment [21–23]. In the past studies, sensor locations were identical but the only difference lied in the number of installed sensors [24]. In an experimental study, it was found that the energized core temperature played a significant role in condition monitoring of the electrical equipment [25]. Therefore, For the purpose of obtaining a full image of thermal distribution, all the possible locations in the oil, core, and windings of the distribution transformer should be considered for the prediction of HST [26].

Although sensors are not a part of the transformer design yet the selection of appropriate locations and insulation of the sensors are key factors at the designing stage [27]. Some studies dealt with electric field stresses on the insulation materials for their breakdown under impulse voltage inside the distribution transformers using electromagnetic simulation [28–30]. To counter insulation failure, sensors should be compatible with the distribution transformer with respect to their insulation.

The main focus of this study is to examine the direct temperature distribution of a 10 kVA oil–immersed distribution transformer at different loading conditions by a direct measurement scheme. PTs with Teflon–epoxy nano–composite coatings are selected in the present study because of their good surface insulation performance. Detailed experiments have been performed by using the test transformer equipped with the PTs at different loading conditions. Based on the data collected from PTs, this study presents a strategy to investigate the comprehensive real–time temperature distribution in the oil, core and windings. The HST has been found in the test transformer at each loading condition and FEA simulations are carried out to verify the experimental data. This paper provides a firm ground for further studies on direct thermal investigation of HST using a minimum number of sensors. This research also leads towards the customizability of the PTs to make them applicable with safe insulation and shielding compatibility in all kinds of distribution transformers.

2  Design of Experimental Setup and Procedures

The primary aim of this work is to measure the temperature directly in the distribution transformer at different loading conditions. A special–purpose transformer equipped with forty–two PTs is designed for this study. PTs are installed inside the test transformer at the locations determined by the FEA simulation. A variable resistive load bank is made to achieve different loading levels. The following subsections describe the details on FEA thermal simulations, test transformer design, and the positions to install the PTs.

2.1 Experimental Test Transformer

A 10 kVA single–phase disc–type 10/0.38 kV oil–immersed transformer is designed for this empirical analysis. The dimensions of the experimental transformer are the same as that of the model used for the FEA simulations. In total, 42 PT100 (23 PTs for windings, 10 PTs on core surface and 9 PTs are distributed in oil from top to bottom) are installed in the test transformer for online temperature monitoring. The transformer has a hole at the top for the passage of PTs wires to connect them to the device XSL–8000. The device XSL–8000 shows the digital temperature across each sensor. The dimensions of the core and tank are given in Tab. 1, while specifications of the test transformer are provided in Tab. 2.
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2.2 Electromagnetic Fields and Thermal Analysis

The FEA simulations have been performed to compute the B and E fields. Core losses are calculated by B field model in transient solution type. The E field is calculated in the electric–transient solution type. Maxwell's equations are solved to calculate electric field for electric–transient solutions and magnetic field for transient solution problems using FEA simulation in ANSYS Maxwell. The set of Maxwell's equations is given below:

∇×E=−∂B∂t

∇×H=J+∂D∂t

∇⋅B=0

∇⋅D=ρ(1)

where t is the time, ρ is the electric charge density, E is the electric field intensity, B is magnetic flux density, H is magnetic field intensity, J is the electric current density, and D is the electric flux density or electric displacement. In the above equations D, B and J are defined as:

D=ε0E+P

B=μ0(H+M)

J=σE(2)

where ε0 and μ0 are electromagnetic constants, while P is the electric polarization vector which describes the material polarization under E. Similarly, M is magnetization vector which describes the material magnetization under H. These simulations are used to decide optimal locations for the temperature measurement and the insulation design of PTS for this work. Design specifications of the test transformer model are given in Tab. 3. The BH and BP curves of core material are shown in Figs. 1a and 1b, respectively. A single–phase oil–immersed test transformer 3D model is established in ANSYS Maxwell as displayed in Fig. 2 and excitations are governed by Eqs. (3) and (4). In this section, magnetic field simulations for the transformer model shown in Fig. 2 are described.

Vp=10000×(1−exp(−ft))×cos(2πft)(3)

VS=380×(1−exp(−ft))×cos(2πft)(4)

where Vp and Vs are primary and secondary voltages, respectively; f is frequency (50 Hz) and t is time.
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Figure 1: (a) Electrical steel BP curve at 50 Hz (b) BH curve of user define material
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Figure 2: (a) Front view of model (b) 3D view of test transformer design model

Based on the described physics, the magnitude of magnetic flux was computed for a time interval of 0.08–0.1 s. For better precision, a small time–step size of 500 μs is selected. For smoothness of transitions and higher accuracy, the core has 10,000 meshing elements inside length while windings have 5,000 meshing elements as shown in Figs. 3a and 3b.
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Figure 3: (a) Trimetric view of meshing (b) Isometric view of meshing

The boundary region is shown in Fig. 4 where surface current is zero and interface conditions of Maxwell's equations are fulfilled as given below:

n×(A1−A2)=0

n×(H1−H2)=0(5)

For the solution of A, the tangential element of the magnetic potential is always continuous thus the first boundary condition is automatically fulfilled. The second part is referred to as the natural boundary condition hence is also fulfilled except the surface current is explicitly applied.
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Figure 4: Boundary region around the model

Fig. 5 shows the magnetic flux density contours obtained from the FEA simulations. It is observed that B is higher around primary winding than secondary winding, and its maximum value appears at core edges because these field lines try to follow the path at corners. A similar phenomenon for minimum value of B is observed at top and a lower side in core. Moreover, magnetic field route produces stresses in the core that result in the heat losses in core. Copper losses are the ohmic heat losses of the windings. Transformer losses due to copper loss and core loss at each loading are given in Tab. 4.
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Figure 5: (a) Magnitude of magnetic field density (b) Vector plot of B

In Workbench of the ANSYS, the Maxwell is coupled with steady state thermal. Temperature inside the core of the distribution transformer is computed by using the steady state Fourier–Kirchhoff's law which is given below:

∇(k∇T)+Qv=ρcW⋅∇T(6)

where k is the thermal conductivity, T is the temperature, Qv is the heat generation in the core, ρ is the density of the core material (7650 kg/m3), c is the specific heat of the core material, and W represents the velocity vector of the material. Thermal properties of the components are given in Tab. 5. Test transformer is using oil natural–air natural (ONAN) cooling method. Steady state thermal simulation is carried out for this experimental study with heat transfer co–efficient h of 23 W/m2 ∘C for ONAN [31,32].
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2.3 Location and Installation of PT100 Sensors

The regions with higher electric field require more insulation for the sensors. According to the FEA simulations as shown in Fig. 3, the critical regions for heat losses can be overserved by B (tesla) which also comes about the 1/5th of winding height near the upper vicinity [33–35]. As core and copper losses contribute to the main heat loss as given in Tab. 4, it is necessary to install sensors at various locations along with their height. Special purpose PTs with 5 m long wire encapsulated in Teflon tube are used. Head of PTs has extra Teflon–epoxy nano–composite coatings.

The labels and locations of ten PTs installed on the core surface are given in Fig. 6. As shown in Fig. 7, 7 PTs have been placed in the oil. Two PTs (BO1 and BO7) are positioned horizontally in the bottom–oil at the same height and three PTs (LO3, MO4 and UM5), two PTs (UW5 and UW11) are fixed in top–oil horizontally.
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Figure 6: Sensors position and labels on core
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Figure 7: Sensors position and label in oil

Finally, 13 PTs are placed between the discs of primary winding, while 10 for the secondary winding as shown in Fig. 8. These locations are nearer to each other in upper part of both windings than lower part so that entire critical region for temperature can be covered adequately. There are two more PTs placed on the both LV and HV bushings. One of them is labeled as LVB12 placed at secondary winding bushing while the other is labeled as HVB6 placed at primary winding bushing are shown in Fig. 9. It is taken care that PTs do not obstruct the operation of test transformer after it is settled.
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Figure 8: Sensors position and label numbers in secondary and primary windings
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Figure 9: Inner part of the test transformer with installed sensors

2.4 Variable Resistive Load Bank

A variable resistive load bank has been made to achieve the loading conditions for this research. Loading conditions were designed following the IEC 60076 standards. The load bank is a combination of seven resistors connected in series and parallel. The specification of the different levels of loading conditions are described in Tab. 6.
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3  Troubleshooting and Experimentation

For the troubleshooting of the test transformer, standard tests include short–circuit and open–circuit tests have been performed. Besides the commissioning tests, tests for temperature measurement are conducted according to details mentioned in Tab. 7. To reproduce the actual operation scenario of the transformers, loading conditions have been achieved by variable resistive load bank.
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4  Experimental Results and Discussion

This section presents the results attained from these experiments. Real–time temperature measurements from PTs in the oil, core and windings at each loading condition are presented below.

The measured temperature in different oil regions with different loadings is plotted in Fig. 10. In Fig. 10, right side temperature curves are near to the primary winding whereas left side plots are close to the secondary winding. A subtle variation in temperature at the middle section for both sides can be observed, while considerable temperature changes are detected at the top–oil and bottom–oil levels. Temperature near to the primary winding is higher than secondary winding in the top–oil or bottom–oil above and below the windings.
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Figure 10: Temperature variation near to the primary winding and secondary winding along the height in the oil at each loading

Fig. 11 shows the temperature from sensors installed along the height on both legs of the core. The right side in the Fig. 11 shows temperature across right limb of the core side under the primary winding whereas left side shows temperature on the left limb of the core under secondary winding. A gradual increase in temperature can be observed from bottom to the top. The temperature in right limb is slightly higher than the left limb because right limb is under primary winding which has more copper loss than secondary winding. Since the flux through all the legs of core is same, the difference between its maximum and minimum temperatures is very small.

[image: images]

Figure 11: Temperature distribution from bottom to top in both limbs according to their corresponding positions on core surface

In both windings, the maximum temperature values are observed to be in the top 1/3th section. From there on, this temperature continuously increases with the ascending height, justifying the installation of more sensors in the top–half of each winding. Figs. 12 and 13 tacit this trend. In both Figs. 12 and 13, left side temperature plot shows temperature measured by the sensors placed at the outer sides of both windings and right–side temperature curves are for the inner side of both the windings in the core window. The upper portion of both windings inside the core window is found critical for the hottest spot temperature (HST) location as shown in Figs. 12 and 13. The HST is found in upper part of primary winding in the core window.
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Figure 12: Temperature variation in outer (sensors 1–5) and inner (sensors 6–10) sides of secondary winding for different loading conditions
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Figure 13: Temperature variation in outer (sensors 1–7) and inner (sensors 8–13) sides of primary winding for different loading conditions

For estimation of the safe operating conditions, the thermal behavior of each component was plotted. Thermal distribution in oil and core near the primary winding side of the transformer is shown in left and near the secondary winding side is shown in right, while outer sensors of the windings are plotted on left and inner sensors are plotted on the right in Figs. 14–16.
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Figure 14: Right side curves show temperatures in oil, core near primary winding and inner sides of both windings while left side lines show temperatures in oil, core near secondary winding and outer sides of both windings at 80% loading
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Figure 15: (a) Right side curves show temperatures in oil, core near primary winding and inner sides of both windings while left sidelines show temperatures in oil, core near secondary winding and outer sides of both windings at 90% loading (b) Right side curves show temperatures in oil, core near primary winding and inner sides of both windings while left sidelines show temperatures in oil, core near secondary winding and outer sides of both windings at 100% loading

It can be realized in Figs. 14 and 15a, despite the running of the transformer for long duration at 80% and 90% loading, the temperature of the core and the oil is quite lower than that of the windings.

However, this temperature difference reduces for the loading of 100% and 110% as shown in Figs. 15b and 16a, respectively. Even though, it is run for a short period at this loading, the temperature recorded by sensor 9 in oil gets even higher than that of the windings. Therefore, the transformer loading of up to 90% is considered as safe limit. Moreover, the oil and core temperature rise on significant scales for loading of 120% as shown in Fig. 16b, rendering it unsafe for even very short time.
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Figure 16: (a) Right side curves show temperatures in oil, core near primary winding and inner sides of both windings while left sidelines show temperatures in oil, core near secondary winding and outer sides of both windings at 110% loading (b) Right side curves show temperatures in oil, core near primary winding and inner sides of both windings while left sidelines show temperatures in oil, core near secondary winding and outer sides of both windings at 120% loading

At the beginning stages of the experiment, the temperature in the top oil is higher than that in primary winding. However, with the passage of time, the temperature in the primary winding rises and reaches a maximum of 53.5°C after 160 min. This increase in temperature is evidently because of the primary winding copper losses. Moreover, the experimental results suggest that the HST is more likely to occur in the Primary winding at the coordinates of Sensor 3. In addition, the temperature in the regions surrounding this sensor is also higher than the rest of the winding. Therefore, HST is most probable to occur in this region between the Sensors 2 and 4 in primary winding. The maximum temperature in each component at each loading is shown in Fig. 17.
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Figure 17: The maximum temperature at each loading in oil, core and windings

Thermal analysis has been done with core losses imported into ANSYS Mechanical as a heat generation source for the core. A maximum loading case is considered for this simulation and its core losses are imported into the setup of ANSYS Mechanical during 80 to 100 ms as shown in Fig. 18a. Core meshing size of 10 mm is used to maintain the scaling factor equal to unity to import heat generation. From the results, temperature distribution in core is shown in Fig. 18b. The maximum temperature measured in the core with sensors is 67.8°C and maximum temperature from the simulation in the core is 68.34°C.

In Fig. 19, temperature distribution calculated by simulations in the core at three different loadings is compared with experimentally recorded temperature data. These results are in good agreement which shows that the PTs in experimental equipment is providing the accurate measurement of temperature data. Therefore, it can be inferred that the PTs installed in the test transformer are not altering its design and operation. Hence, this technique can be used in practical distribution transformers for cost effective real time HST monitoring.
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Figure 18: (a) Imported heat generation by core losses from Maxwell 3D for the maximum loading case (b) Thermal distribution in transformer core at maximum loading case
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Figure 19: Comparison of experimental and simulated thermal distribution in test transformer core

5  Conclusion

This experimental thermal study is performed for a direct investigation in a 10 kVA oil–immersed disc–type test transformer at different loading conditions. Detailed temperature distribution is found in the core, oil and windings of the transformer with several sensing points at each loading as compared with previous studies. It is concluded from the obtained results that temperature rises with increasing height of the windings up to 4/5th of their height, and then decreases afterward till the top of the windings. Furthermore, HST in primary winding is found to be higher than the secondary winding at each loading. Core temperature varies almost linearly along the height at each loading. The temperature in oil is found to be higher near the primary winding than secondary winding. From the comprehensive temperature distribution, HST is found to be 73.2°C at 120% loading, at 85% height of the primary winding. The maximum temperature in the core is 67.8°C whereas in oil is 68.8°C.

This study is performed by selecting the maximum number of temperature sensing points in the test transformer. However, it is established that adequate temperature distribution can be obtained with a lesser number of sensors in critical regions of the windings, oil and core for future work which in progress. This suggestion will help the manufacturers to design direct temperature measurement system for the distribution transformers during their operation in the power system.
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Table 3: Parameters of 10 kVA, 0.38/10 kV single phase transformer
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Table 4: Transformer losses at different loading levels

Secondary
current (A)

17.9
20.1
224
24.6
26.8

Primary
current (A)
0.68

0.764

0.85

0.94

1.02

Core
losses (W)
64.6
64.6
64.6
64.6
64.6

Copper
losses (W)
65.49
81.58
102.6
123.7
146.7

Total losses (W)

130.1
146.2
167.2
188.3
2113
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Table 7: Temperature measurement during loading variation

% loading  Time Ambient temperature (°C)  Interval (min) Current (A) Load (kW)
80 0-235 11 235 17.9 6.8

90 235-495 13 260 20.1 7.6

100 495-645 2 150 224 8.5

110 645-715 6 70 24.6 9.3

120 715-790 4 75 26.8 10.2

0 790-850 6 60 0 0

80 850-1335 3 485 18.2 7.0
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Table 1: Dimension of the core and tank of a 10 kVA transformer

Measurements Tank Core

Interior (mm) Exterior (mm) Interior (mm) Exterior (mi

Height 1000 1006 535 735
Width 640 646 160 360
Depth 460 466 98.6 100

m)
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Table 6: Switching states for the transformer loading levels

ON switches
S1
S2
S3
S4
S5

Resistors connection
*R! and R? in series
*R' and R in series
*R! and R* in series
*R! and R® in series
“R!

Resistance (2)

2115
18.8

16.95
15.35
14.15
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Table 2: Technical details of a 10 kVA transformer

Parameters

Voltage (V)
Disc-type winding
Weight (Kg)
Height (mm)
Spacing (mm)
Resistance (Q)
Radius (mm)

Primary winding
10000

60 discs, 3780 turns
24

492.7

5.3

356

92

Secondary winding

380
36 discs, 144 turns

3
4927
7.18
0.153
12
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Table 5: Thermal properties of the material used in test transformer

Component Isotropic thermal conductivity (W/m.K)
Core 5
Aluminum 237.5

Oil-immersed paper 4.5
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