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The on-load tap changer (OLTC) is one of the key components of converter transformer.
The energy generated during tap switching process of the OLTC will cause thermal
expansion and surging of the insulating oil in the chamber, resulting in the mis-operation of
protective relay and threatening the safe and stable operation of the power system as well.
Therefore, taking the typical dual-transition resistance-type OLTC as an example, a
numerical modeling method of OLTC oil flow surging based on the realizable k-ε
model is proposed, and the fluid simulation model is established based on the
FLUENT software. The quantitative relationship between the OLTC transition resistance
value and the oil velocity and oil pressure at the top of the oil chamber is analyzed, that is,
the smaller the transition resistance, the greater the oil flow velocity and oil pressure during
switching. In addition, an equivalent experimental platform is built to carry out the static
action characteristic experiment of OLTC oil flow relay, the corresponding relationship
between the change range of oil pressure at the top of the chamber, and the oil velocity
under typical value (1.5 m/s, 2.0 m/s, and 2.5 m/s) are revealed. Based on which, the
optimization suggestions on the protection relay threshold configuration of OLTC oil
velocity and oil pressure are put forward.
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1 INTRODUCTION

On-load tap changer (OLTC) is one of the key components of converter transformer, which plays the
role of compensating power grid voltage change and optimizing the control angle. The OLTC of a
converter transformer has a wide voltage regulation range, has frequent operation, has a high
recovery voltage during voltage regulation, and bears severely working conditions such as harmonics.
Therefore, its fault rate is higher than that of a AC power transformer (Zhu and Shen, 2012; Zhu and
Shen, 2016).

The OLTC is composed of a tap selector and changer switch, whose position in the converter
transformer is shown in Figure 1. The tap selector connects the tap in advance according to the tap
sequence and makes it bear continuous load. The changer switch is placed in a separate oil chamber
and can transfer the load current between different taps. Besides, the OLTC has a separate
conservator, and the pipeline from the oil chamber to the conservator has a protective relay (oil
flow velocity relay and oil pressure relay).
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During tap changing, the insulating oil in the chamber will
be heated, expanded, and surged by the energy generated from
arc breaking. Normally, the two relays should send alarm/trip
signals at the same time or within a certain period of time
(may be milliseconds). Actually, there have been many cases
of relay malfunctions, especially oil flow velocity relay.
However, it can only modify the protection setting value
based on experience to deal with the mis-operation case,
due to a lack of mechanism research (Liang et al., 2016).

The oil flow surging is related to the energy generated
during the tap changing process, the volume of the oil
chamber, the height difference between the oil chamber and
the conservator, and the diameter of the pipe.

For the operation characteristics and fault diagnosis of the
OLTC, scholars have carried out extensive research. In terms
of OLTC operation characteristics analysis, electromagnetic
transient simulation research has been carried out for the
switching process of the OLTC, and quantitative analysis has
been obtained from the two aspects of amplitude and phase.
The particularity of the operating conditions of the
commutator tap changer is revealed, and the technical
points of the selection of the commutator tap changer are
proposed (Lei et al., 2018; Fan et al., 2018). Yang et al. (2014)
simulated the action process of the mechanical OLTC and
that with power electronic devices, and calculated the energy
loss in the process of on-load voltage regulation under the two
modes. A new hybrid on-load tap changer scheme has been
given by Shi (2015) and a 110-/35-kV single-phase on-load
tap changer model has been built. The feasibility of the
proposed scheme is further verified by simulating the
transient characteristics of the primary side in the
switching process. A new on-load tap changer, which
triggers the thyristor circuit through overvoltage and
realizes the switching process of uninterrupted current has
been proposed by Li (2017). Shen et al. (2015) improved the
on-load tap changer of the double transition resistance
branch triggered by micro-arc and established a new model
of active trigger combined with the double transition
resistance branch. Rivas-Trujilo et al. (2010) proposed a
modeling structure of on-load tap changer based on the
arc model. In each operation of the tap changer, there are

a series of switching events with specific timings, and these
switching operations are modeled according to the accuracy
of the proposed on-load tap changer model that is verified by
the measurement of results obtained from computer
simulations and the on-load tap changer operation real-
time test. Castro et al. (2017) puts forward the
measurement method of the on-load tap changer current
during transformer operation, and models and simulates
the transformer and on-load tap changer in ATP-draw.

In terms of OLTC fault diagnosis, the abnormal physical
information of on-load tap changer before and after fault
occurrence has been discussed, the joint mapping relationship
between the vibration sound and arc has been revealed (Seo
et al., 2018), and the joint detection technology has been based
on the vibration sound fingerprint and driving motor current
(sound and electricity) (Yu et al., 2020), acyclic graph support
vector machine fault diagnosis model (Xu et al., 2019), arc
detection method of on-load tap changer based on energy
conservation principle (Song et al., 2019a), fault identification
method based on the multi-resolution feature extraction
algorithm, and the genetic optimization support vector
machine (Duan et al., 2017). Some scholars have explored
the cooperation between OLTC oil flow surge and nonelectric
protection by means of the equivalent test. For example, Xu
et al. (2021) built a short-circuit arcing test platform and
carried out the short-circuit arcing test, and put forward a
proposal for the standardized configuration of on-load tap
changer nonelectric protection device. Song et al. (2019b)
carried out typical test analysis and research on the arc
waveform generated by different types of changeover
switches, which provided guidance for the optimal design
of OLTC. Ding et al. (2016) compared and analyzed the
differences of heavy gas protection setting values of
different models of on-load tap changer and carried out
the static action characteristic test on the gas relay of an
on-load tap changer, so as to put forward suggestions on the
threshold settings of the gas relay of large capacity
transformers.

However, these studies were carried out on the basis of
experiments, and the research conclusions have certain
limitations. The quantitative mechanism research is
insufficient, so it has not formed a unified conclusion. This
article focuses on the key operation problems of an OLTC,
that is, how to optimize the threshold of oil flow relay and oil
pressure relay to ensure the correct action of protection, thus,
the refined modeling, oil flow characteristic analysis, and
protection threshold optimization are not only the
difference between this article and the existing literature
but also the key technical innovation of this article.

In this article, in Section 2, the mathematical simulation
model of OLTC is established; in Section 3, the simulation
result is analyzed, and besides the experimental method,
the result is proposed; the change law of the oil speed and
oil pressure at the top of the chamber when the OLTC
operating under different transition resistances is analyzed,
so as to provide guidance for the OLTC protection
configuration.

FIGURE 1 | Location diagram of the OLTC in the converter transformer.
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2 MATHEMATICAL SIMULATION
MODELING OF ON-LOAD TAP CHANGER

2.1 Simulation Object
Taking a double transition resistance type OLTC as the
simulation object, of which the rated stage voltage is 4037 V
and the rated current is 2 × 643 A. The complete tap changing
process is shown in Figure 2, which includes two arc
extinguishing processes (in step d and step f, respectively),
and the breaking current, recovery voltage, and switching
capacity of the two arc extinguishing processes are shown
in Table 1.

It can be seen from Table 1 that 1) the recovery voltage of
the auxiliary contact is greater than that of the main contact; 2)
the breaking current and the recovery voltage of the main
contact is independent of the transition resistance R and the
stage voltage, respectively, while those of the auxiliary contact
are related to the transition resistance R and stage voltage.

In order to reduce the breaking capacity of the main
contact, the value of transition resistance should be lower.
However, in order to reduce the switching capacity of the
auxiliary contact, the transition resistance value should be
higher, in order to reduce the circulating current in the
switching process. Therefore, the transition resistance shall
be appropriate so that the recovery voltage can be withstood

between the actual contacts, and the arc will not rekindle after
it is extinguished when the main contact or transition contact
is disconnected.

FIGURE 2 | Switching process of dual-transition resistance-type OLTC.

TABLE 1 | Characteristic variables in tap changing process of OLTC.

Contact Breaking Current Recovery Voltage Switching Capacity

Main contact I IR I2R
Transition contact (US ± IR)/2R US + IR (US ± IR)2/2R
Note: I represents the breaking current; US, represents the stage voltage; R represents the transition resistance, which can also be represent as R = n*US/I (n is the coefficient of transition
resistance).

FIGURE 3 | Relationship curve between capacity and transition
resistance coefficient.
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The transition resistance is generally selected according to the
principle of minimizing the breaking capacity of the transition
contact. The corresponding breaking capacity P1 of the main
contact, the switching capacity P2 of the transition contact and
the total breaking capacity P3 can be expressed as:

P1 � I2R � I2 × n ×
US

I
� n × US × I (1)

P2 � 1
2
I2R + U2

S

2R
� (n

2
+ 1
2n

) × US × I (2)

P3 � (3n
2
+ 1
2n

) × US × I (3)

The relationship between the switching capacity P1 of the
main contact and P2 of the auxiliary contact, total switching
capacity P3, and coefficient n of transition resistance is shown in
Figure 3.

It can be seen that the transition resistance value has a great
impact on the OLTC switching capacity. For the dual-transition
resistance OLTC studied in this article, when the coefficient of
transition resistance n = 0.577, the total switching capacity is the
smallest, and when n = 1, the switching capacity of the main
contact equals that of the transition contact.

2.2 Model Established
Firstly, the 3D parameter of the OLTC is measured accurately,
and the relative position of each component of the OLTC is
drawn in AutoCAD according to the measurement results.
Besides, taking the center of the calculation area as the model
origin, each component is modeled and assembled by the ProE
software.

The OLTC has a complex structure and a large number of
components, which is a great challenge to modeling. Therefore,
this article proposes an optimization modeling method:

1) In the process of switching, the moving contact and its fast
mechanism swing between the two diaphragms, where the
flow mainly occurs. Therefore, all structures outside the
diaphragms are removed during modeling.

2) Because the movement of the tension spring at the lower part
of the moving contact is difficult to simulate, while it has little
effect on the transformer oil flow caused by the switching
process, all the tension springs at the lower part of the moving
contact are therefore removed during modeling.

3) The quick mechanism of transition contact is connected with
that of the main contact through the connecting rod
mechanism. During the numerical simulation, if the
modeling is based on the actual structure, the motion
equations of the main contact, transition contact, contact
quick mechanism and connecting rod mechanism will
become very complex, and the structure has little effect on
the transformer oil flow caused by the switching process.
Therefore, the connecting rod mechanism is removed during
the modeling, The motion equation of the main contact, the
transition contact and the fast mechanism are
comprehensively determined according to the contact
structure of the dynamic and static contacts, the structure
of the fast mechanisms, and the current change law in the

switching process, such that it can simulate the motion of the
moving contact and its fast mechanism in the switching
process.

4) The movement speed of the driving mechanism is much
smaller than that of the changeover switch, and its
influence on the flow of transformer oil is far less than that
of the changeover switch. Therefore, the action of the driving
mechanism is not considered in modeling.

In the process of switching, when the moving and static
contacts are separated from contact, the main contact and
transition contact not only rotate with their own rapid
mechanism but also rotate around their own rotating shaft
under the action of the spring at the bottom of the contact.
Therefore, it is necessary to determine the process from contact to
separation of the dynamic and static contacts in order to ensure
normal operation of the numerical simulation. According to the
structure of on-load tap changer provided by the actual converter
station and the field measured results, the separation process of
the dynamic and static contacts of the main contact and
transition contact is finally determined as follows:

1) During the switching process, the main contact quick
mechanism rotates a total of 28° (14° on one side), and the
rotation angle of its moving contacts during the separation of
the moving and static contacts is 26°. According to the
structure of the main contact, it is assumed that both the
active contact and the fast mechanism rotate at a uniform
speed around their respective rotating axes. When the active
contact rotates 26°, the fast mechanism rotates 5.42°, that is,
when the fast mechanism of the main contact rotates 1°, the
moving contact rotates 4.8°, and after the fast mechanism of
the main contact rotates 8.58°, the moving contact begins to
contact with the static contact. Figure 4 schematic diagram of

FIGURE 4 | The dynamic and static contacts of the main contact are
from contact to separation. (A) The mechanism rotates by 1°, and the moving
contact rotates by 4.8°. (B) The mechanism rotates by 4.8°, and the moving
contact rotates by 26°
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the process from the contact to the initial separation of the
moving and stationary contacts of the main contact. The
process from the initial separation position to the contact is
opposite to this process.

2) The transition contact quick mechanism rotates 34° in total
during the switching process, and the rotation angle of its
moving contact during the separation of the moving and static
contacts is 24°. According to the structure of the transition
moving and static contacts, when the transition moving
contact rotates 24°, its fast mechanism rotates 12°, that is,
when the transition contact fast mechanism rotates 1°, its
moving contact rotates 2°, and after the transition contact fast
mechanism rotates 22°, its moving contact begins to contact
with the static contact. Figure 5 shows the process diagram of

the dynamic and static contacts of the transition contact from
the initial contact to full contact (left transition contact). The
process from contact to separation is the opposite.

The whole and contacts modeling results of the OLTC are
shown in Figures 6, 7, respectively.

In Figure 6, the two circular pipes on the upper part of the
changer are oil flow in–out ports of the on-line oil filter, whose
diameters are both 25 mm. Among that, the right part is the in
port of oil flow, and its pipe extends into the changer cylinder for
1.15 m; the left part is the out port of oil flow, while its pipe does
not extend into the changer cylinder.

2.3 Turbulence Model
The flow field of oil chamber is simulated by realizable k-εmodel
(Wang, 2004; Wen, 2010), which is improved based on the
standard k-ε model, that is, the k equation remains
unchanged, while the equation of dissipation rate ε and the
eddy viscosity equation are improved mainly. The
corresponding transport equation is:

ρ
Dk
Dt

� z

zxj
[(μ + μt

σk
) zk
zxj

] + Gk + Gb − ρε − YM (4)

z

zt
(ρε) + z

zxi
(ρεui) � z

zxi
[(μ + μt

σε
) zε

zxi
] + ρC1Sε

− ρC2
ε2

k + 


vε

√ + C1ε
ε

k
C3εGb (5)

where C1 � max[0.43, η
η+5], η � Sk/ε, Gk represents the turbulent

kinetic energy due to the average velocity gradient, Gb represents
the turbulent kinetic energy caused by buoyancy, and YM

FIGURE 5 | The contact process of dynamic and static contact of
transition contact. (A) The mechanism rotates by 1°, and the moving contact
rotates by 2°. (B) The mechanism rotates by 12°, and the moving contact
rotates by 24°

FIGURE 6 | Integral model of the OLTC.

FIGURE 7 |Model of contacts and its fast mechanism. (A) Model of the
main contact and its fast mechanism. (B)Model of the auxiliary contact and its
fast mechanism.
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represents the effect of fluctuating expansion of compressible
turbulence on the total dissipation rate. The Prandtl number of
turbulent kinetic energy k and dissipation rate ε is taken as σk ＝
1.0 and σε ＝1.2, respectively. Other default constants are C1ε =
1.44 and C2 = 1.9.

The generation term of the dissipation rate ε in Equation 5
(the second term on the right) does not include the turbulent
kinetic energy Gk, which can reflect the transmission of energy
spectrum better. Furthermore, another obvious feature is that the
third term on the right side of the equation does not have
singularity.

The viscosity coefficient formula is μt � ρCμ
k2

ε , while Cμ is not
a constant, and it can be calculated by:

Cμ � 1

A0 + AS
kU *

ε

(6)

where Up �













SijSij + ~Ωij ~Ωij

√
, ~Ωij � Ωij − 2εijkωk, and

Ωij � �Ωij − εijkωk; �Ωij is the ratio between the rotational force
tensor and the angular velocity ωk in the rotating coordinate
system. The other variable is constant, that is, A0 � 4.04,
AS �



6

√
cosφ, φ � 1

3 arccos(


6

√
W), where W � SijSjkSkj

~S
,

~S � 





SijSij

√
, and Sij � 1

2 (zujzxi
+ zui

zxj
).

For the action of the OLTC, the swing arm will form many
vortices, and the improved model has high reliability and
accuracy in the flow field simulation.

2.4 Meshing
One of the key factors for fluid computing is the quality of the
computational grid. Actually, the structure of the OLTC is
extremely complex, including a large amount of transition area
of large space and local irregular small areas. Therefore, how to
mesh the transition areas becomes very important.

To meet the requirement of the complex geometric model
of the oil chamber, the unstructured tetrahedral grid
with strong adaptability to complex boundaries is adopted
(Baker and Ying, 1994), whose grid distortion rate is less

than 0.6, and the total number of grids is 22.68 million.
Figure 8 shows the overall grid of the OLTC. The grid at the
contact between the moving and static contacts of the main
contact and the transition contact has been densified.

Among them, the maximum volume grid scale of the
computational domain is 24 mm; since the gap between the
moving and stationary contacts is only 1 mm at the beginning
and end of the switching process, the grid scale of the
corresponding moving and stationary contact surface is
set to 0.5 mm, and the grid of the adjacent surface is set
to 1 mm; for the quick mechanism of the main contact and
transition contact, the face grid adjacent to the main contact,
transition contact, and rotating shaft is set as 2 mm, and the
other face grids are set as 4 mm; for the switch base, the face
grid adjacent to the rotating shaft is set as 2 mm, and the
other face grids are set as 4 mm; for the transition resistance,
since the distance between the resistance and the isolation
plate is 5.7 mm, the front and rear surface grid is set as 4 mm,
and the grid between the four sides and the tightening bolt
surface is set as 2 mm; due to the large area of the two
diaphragms and insulating cylinder, the grid scale of the
outer wall of the diaphragm and the inner wall of the
insulating cylinder is set to 16 mm to reduce the number
of grids. At the same time, in order to take into account the
calculation accuracy and the number of grids, the surface
grid scale of the inner wall of the diaphragm (surface
mounted static contact) is set to 8 mm.

During the switching process of the OLTC, the movement
of the contact will change the flow domain, and the motion of
the boundary will also change along with time. The
motion form of boundary is predefined through User-
Defined-Function (UDF), and its angular velocity is
specified before calculation. The updating process of the
mesh is completed automatically according to the change
in boundary at each iteration step. Because the displacement
of the moving boundary is much larger than the grid size, to
avoid the grid with negative values, or the calculation that
does not converge due to excessive grid distortion, the grids
with excessive distortion rates or excessive size changes are
concentrated together and redivided in the calculation
process, to meet the requirements of the distortion rate
and size.

FIGURE 8 | Overall grid of OLTC.

FIGURE 9 | Switching sequence diagram of OLTC.
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2.5 Boundary Conditions and Parameter
Determination
2.5.1 Condition Setting of Flow Boundary
Normally, the OLTC is placed in a sealed cylinder filled with
insulating oil. Therefore, the calculation area is set to be filled with
transformer oil (#25), with oil pressure of 100 kP A and oil
temperature of 40°C. The oil density is 895 kg/m3, the
dynamic viscosity is 0.97 kg/(ms), the thermal conductivity is
0.128W/(mK), and the specific heat capacity at constant pressure
is 1.8 kJ/(kgK). Owing to the high density of the insulating oil, the
influence of its own gravity should be considered in numerical
simulation. Each solid wall is set as an adiabatic nonslip
boundary, without the consideration of the influence of wall
roughness.

2.5.2 Setting of Contact Speed
The OLTC switching sequence diagram is shown in Figure 9. The
total flow duration T during the switching process is about 44 ms.

The active contact not only moves with the fast mechanism
but also rotates around its own rotating shaft when the moving
contact starts to contact with the static contact. Similarly,
assuming that the moving contact rotates at a uniform speed
around its own rotating shaft, it has been determined during
modeling that when the fast mechanism rotates 1°, the moving
contact rotates 4.8° around its own rotating shaft. Therefore, it
can be calculated that the angular speed of the moving contact
rotating around its own rotating shaft is 1872°/S = 3.1416 rad/s.

The fast mechanism of transition contact rotates 22° in the
noncontact stage of dynamic and static contacts, and its angular
speed is 774.65°/S = 6.76 rad/s; in the contact stage, it rotates 12°,
and its angular velocity is 76.5°/S = 2.413 rad/s; in the contact
stage, when the fast mechanism of the transition contact rotates
by 1°, the moving contact rotates by 2° around its own rotating
shaft. Therefore, the angular speed of the transition moving
contact rotating around its own rotating shaft is 553°/S =
4.826 rad/s.

FIGURE 10 | Velocity field and pressure field of OLTC. (A) Velocity field and pressure field before action. (B) Velocity field and pressure field before arcing.
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2.5.3 Setting of Arcing Time, Arcing Position, and
Released Energy
According to the test report, the arcing time does not exceed
12 ms, with an average of 6 ms. According to OLTC stage voltage
and rated current, AC arc energy during switching can be
calculated by:

W � ∫ u(t)i(t)dt (7)

where u(t) is the voltage of electric arc, whose value is:

u � El(t) + U 0 (8)
where, E is the electric field intensity of the arc column, with the
value of 200 V/cm. l(t) is the length of the electric arc, which is
the function of time.U0 is the voltage drop of the electric arc near
the cathode area, the value of which is 50 V.

The main contact and transition contact of the OLTC are
swing rod devices with one end fixed, then the value of l(t) can be
represented by:

l � 2Rsin
ωt
2

(9)

where R is the length of the swing rod, and ω is the rotational
angular velocity.

The arcing current is the periodic current, which can be
expressed by:

i � 

2

√
Isin(2πft + φ0) (10)

Putting Equations 8–10 into Equation 7, we get:

W � ∫ 

2

√
Isin(2πft + φ0)(2ERsinωt2 + U 0)dt (11)

The arcing energy can be obtained by integrating Equation 11
in the arcing time.

3 ANALYSIS OF SIMULATION RESULTS

3.1 Characteristics of Oil Flow Surge Before
Switching and During Unburned Arc
Figure 10A shows the velocity field and pressure field at the
section 11 mm away from the cylinder’s center before OLTC
action, after the calculation of unsteady flow field converges.

Before switching, the flow in the switch cylinder is smooth, the
speed is very low, and the maximum speed is just about 0.055 m/s.
The oil pressure in the cylinder is basically the same and that on

the cylinder’s wall is about 100.4 kPa. The temperature difference
in the whole cylinder is very small, only 0.5°C.

Figure 10B shows the velocity field and pressure field at the
central section of the oil barrel of the OLTC before the arc energy
of the main contact is added, after the moving contact and fast
mechanism act for 13.9 ms.

Before adding the arcing energy of the main contact, the oil
flow rate near the moving contact and the fast mechanism
increases obviously, but the flow in other areas is still gentle
and the flow rate is very low. The oil pressure on the cylinder wall
changes little, about 100.6 kPa. The temperature difference in the
whole cylinder is very small, only 1.8°C. It shows that the
influence of switching action on the flow field in the cylinder
is mainly concentrated near the moving contact and fast
mechanism.

3.2 Characteristics of Oil Flow Surge During
Switching
3.2.1 Characteristics of Oil Flow Surge Under Different
Transition Resistance
After the stage voltage and rated current are determined, the
transition resistance has the greatest impact on the OLTC
breaking performance.

The different transition resistance coefficients are selected, the
arcing energy of the main contact, arcing energy of the transition
contact, and total arcing energy under various working
conditions according to Equation 11 are calculated, and the
arcing time is then set as 10 ms. Based on the OLTC simulation
model, the oil pressure and oil flow velocity of insulating oil in the
oil chamber under different transition resistance values are
obtained. The results are summarized in Table 2.

Through the correlation analysis of the transition resistance
coefficient, the arcing energy, oil flow, and oil pressure data are
shown in Table 2, and it can be found that the correlation
coefficients of transition resistance coefficient–arcing energy,
transition resistance coefficient–oil flow, and transition
resistance coefficient–oil pressure are −0.89, −0.86, and −0.87,
respectively, showing a negative correlation. The correlation

TABLE 2 | Oil flow velocity and oil pressure under different transition resistors.

Parameters Value

Transition resistance coefficient, n 0.2 0.3 0.4 0.5 0.6 0.8 1.0
Arcing energy (J) 4099 3293 2890 2649 2486 2285 2164
Oil flow (m/s) 1.11 0.86 0.81 0.74 0.67 0.64 0.62
Oil pressure (kPa) 61.4 47.8 44.1 40.5 35.9 34.1 33.2

TABLE 3 | Oil flow velocity and oil pressure under different loads.

Parameters Value

Load current multiple 0.5 0.6 0.7 0.8 1.0 1.1 1.2
Arcing energy (J) 3011 3178 3345 3512 3849 4016 4187
Oil flow (m/s) 0.83 0.85 0.88 0.925 0.99 1.09 1.13
Oil pressure (kPa) 45.3 46.3 48.5 51.3 55.5 60.2 63.1
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TABLE 4 | Oil flow velocity and oil pressure under switching times.

Parameters Value

Arcing time of main contact (ms) 10 9 8 7 6 5 4
Arcing time of transition contact (ms) 10 9.5 8.5 7.5 6.5 5.5 4.5
Arcing energy (J) 3849 3472 2880 2284 1717 1206 775
Oil flow (m/s) 0.99 0.92 0.81 0.64 0.49 0.38 0.28
Oil pressure (kPa) 55.5 50.8 43.9 34.1 25.1 18.5 12.5

FIGURE 11 | Variation curve of oil flow and oil pressure with transition resistance, load and total arc energy. (A) Variation curve of oil flow and oil pressure with
transition resistance. (B) Variation curve of oil flow and oil pressure with load. (C) Variation curve of oil flow and oil pressure with total arc energy.
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coefficients of both the arcing energy–oil flow and arcing
energy–oil pressure are 0.99, indicating that the effect of
arcing energy on oil flow and oil pressure is basically linear.
The correlation coefficient between oil flow and oil pressure is
0.99, that is, the quantitative relationship between them can be
expressed by a linear function.

3.2.2 Characteristics of Oil Flow Surge Under Different
Loads
The oil pressure and oil flow speed of insulating oil in the switch
oil chamber during OLTC switching under different loads are
shown in Table 3.

It can be seen from Table 3 that the arcing energy of the
main contact, the arcing energy of the transition contact, and
the total arcing energy increase with the increase of the load,
and result in the increase of oil flow and oil pressure with the
increase of the load. When the load is 1.2 times the rated load,
the oil flow speed reaches 1.13 m/s, which is close to the preset
1.5 m/s. Since the gasification of transformer oil caused by
arcing is not considered in the simulation, the actual oil flow
velocity should be higher than that of the numerical
simulation, so it is necessary to consider increasing the
setting value of oil flow relay.

3.2.3 Characteristics of Oil Flow Surge Under Different
Switching Times
Select different T1, T2, and T3 to simulate the changes of oil flow
speed and pressure in the oil chamber of the transfer switch when

the on-load tap changer is switched under various combinations,
as shown in Table 4.

It can be seen from Table 4 that different switching times lead
to differences in arc energy, but the oil flow speed and oil pressure
increase with the increase of arc energy.

The curve drawn according to the above simulation data is
shown in Figure 11.

It can be seen that the smaller the transition resistance, the
greater the oil flow speed and oil pressure; the greater the load, the
greater the oil flow speed and oil pressure; and the greater the
arcing energy, the greater the oil flow velocity and oil pressure.

3.3 Experimental Method
For the OLTC with both oil flow relay and pressure relay, to
match the threshold values of the two relays, it is also necessary to
carry out the static action characteristic experiment of oil flow
relay, to further analyze the corresponding relationship
between oil flow and oil pressure. The test principle is
shown in Figure 12.

A certain pressure is applied to the oil chamber of the OLTC,
to simulate the rise of the internal pressure of the oil chamber
under OLTC failure, and then the solenoid valve installed in the
oil flow relay pipeline is opened to release the pressure
immediately, to make the insulating oil surge. Test the action
of the oil flow relay to obtain the corresponding relationship
between the internal pressure value of the oil chamber and the
action of the oil flow relay. Meanwhile, according to the
successive approximation principle, the critical pressure

FIGURE 12 | Schematic diagram and physical picture of oil flow relay experiment.
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threshold of the oil flow relay is defined, which provides a
criterion for the OLTC to select appropriate protective relays.

3.4 Analysis of Experimental Results
Three different types of oil flow relays from the same
manufacturer with speed threshold values of 1.5 m/s, 2.0 m/s,
and 2.5 m/s are used for the comparative experiment. The action
pressure range and action percentage are shown in Table 5.

It can be seen that by increasing the applied pressure value
continuously, the correct rate of oil flow relay action is gradually
improved, and finally 100% correct action is achieved. Therefore,
we can obtain the reliable operating pressure range of the above
three oil flow relays, that is, the oil pressure range of the three oil
flow relays (1.5 m/s, 2.0 m/s, and 2.5 m/s) are 96–102 kPa,
118–126 kPa, and 148–160 kPa, respectively.

Therefore, if the oil flow relay of the converter transformerOLTC
is one of the above three oil flow relays, the pressure threshold of the
matched oil pressure relay can be set with reference to the above
results. Otherwise, a similar test method is recommended.

4 CONCLUSION

In view of the problem that the oil flow surge caused by tap
switching of the OLTC may cause protection mis-operation,
taking the typical double transition resistance type OLTC as
an example, the simulation analysis and experimental
demonstration of the flow rate and pressure of the insulating
oil in the oil chamber during the action of the tap changer were
carried out in this article. The conclusion is as follows:

1) The smaller the transition resistance value of the OLTC, the
greater the oil flow and pressure during switching. The effect
of the arcing energy on oil flow and oil pressure is basically

linear. And the quantitative relationship between oil flow and
oil pressure can be expressed by linear function.

2) Through the experiment, it is found that the oil pressure
corresponding to the oil speed of 1.5 m/s is 96–102 kPa, the oil
pressure corresponding to the oil speed of 2.0 m/s is
118–126 kPa, and the oil pressure corresponding to the oil
speed of 2.5 m/s is 148–160 kPa. If the oil flow relay of the
converter transformer OLTC is one of the above three oil flow
relays, the pressure threshold of the matched oil pressure relay
can be set with reference to the above results.

The following work of this paper will analyze more types of
OLTC and summarize a unified protection configurationmethod.
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