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Abstract: Power transformers and shunt reactors in HV systems attract increasing
attention for their transient behaviour as nowadays the systems grow more and more
complex. Both devices are usually modelled by inductive components at low frequencies
(e.g. 50 or 60 Hz): magnetizing and leakage inductances for transformers and phase
inductances for shunt reactors. However, transients (high frequency phenomena) will
boost the influence of the parasitic capacitances and require corresponding extension of
their models. This paper analyzes the influence of the parasitic capacitances for a
transformer (500 MVA, three-phase three-winding three-limb) and a shunt reactor
(100 MVA) by building their models according to the datasheet followed by a comparison
with the measurement of Sweep Frequency Response Analysis both on transformer and
shunt reactor individually and on their combination.

1 INTRODUCTION

In a new Dutch HV transmission connection
(Randstad380 project involving overhead lines and
power cables at 380 kV [1]), power transformers
are used to connect networks with different voltage
levels. Since part of the connection consists of
underground power cables, shunt reactors for
reactive power compensation are applied. In the
particular case of the south-ring in this connection,
shunt reactors are connected to the low voltage
(LV, tertiary) winding of the power transformer.
Power transformers are important and expensive
components in power transmission systems. They
require accurate models to analyse their behaviour
in either steady state or transient conditions to
ensure safe operation. At steady state with
fundamental frequency (50 or 60 Hz), power
transformers are conveniently modelled by their
magnetizing and leakage inductances; while shunt
reactors are modelled by their inductances.
However, the transient behaviour will be influenced
by their parasitic capacitances, such as inter-
winding capacitances, winding to ground
capacitances, and so on.

The applied power transformer is a 500 MVA
three-phase three-winding three-limb transformer
with the vector group of YNYnOD5. Specifically,
within the delta connection, series reactors are
added to the LV winding in each phase. The
applied shunt reactor is a 100 MVA air-core shunt
reactor. Each winding is composed of 11 layers.
Parameter values are given in the appendix.

This paper describes the detailed configuration of
the applied transformer and shunt reactor in
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Section 2. The model of the transformer (with
Unified Magnetic Equivalent Circuit approach,
UMEC, [2-4]) and shunt reactor according to their
datasheet is presented in Section 3. The influence
caused by the parasitic capacitances is analysed
based on the simulation with and without these
capacitances together with the so-called Sweep
Frequency Response Analysis (SFRA)
measurement ranging from about 20 Hz to 1 MHz,

5]
2 CONFIGURATION

Detailed configuration of the transformer and shunt
reactor are shown in Figure 1 and Figure 2,
respectively. In the transformer, the HV winding is
composed of two parallel connected identical
combinations of winding HV, and HV, (Figure 1-a);
the LV winding has two built-in air-core series
reactors connected to both sides (Figure 1-b). In
the shunt reactor, the winding of each phase is
constructed by connecting the 11 layers in series.
Unlike the transformer, the shunt reactor has air-
limb core with an earthed screen.

The related parasitic capacitances are: 1) cross-
over capacitances of each winding (or layer); 2)
inter-winding (or inter-layer) capacitance between
each two neighboring windings (or layers); 3)
winding-to-earth (or layer-to-earth) capacitance
between LV winding of the transformer (or layer 1
of the shunt reactor) and earthed magnetic core (or
screen).
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Figure 1: Transformer configuration: Winding
structure of the transformer in single-phase view
(a); Connection of the built-in series reactors with
LV windings: three-phase view (b), single-phase

detailed view (c). Subscript “ts” refers to
“transformer series reactor”
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Figure 2: Configuration of shunt reactor in single-
phase representation
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3  MODELING METHODS

3.1 Transformer windings

Before including parasitic capacitances, the
transformer windings are modelled by UMEC
approach, see Figure 3, since it has the
advantages of considering the magnetic coupling
between different phases [2-4]. Particularly,
Reference [4] shows that the permeances of a
three-phase three-winding three-limb transformer
have three contributions: 1) main path via limb (P4)
or yoke (Ps); 2) leakage path via air but only links
to the winding itself; 3) zero-sequence path via air
links to the windings on the same limb (P,). Then,
if number of windings (N) is known, the
corresponding inductance (L) can be derived via:

L=NP.

However, obtaining the values of N and P requires
information (e.g. transformer core scheme) usually
not publically available. The purpose of calculating
P is to provide a relationship within all the windings
Therefore, to enable UMEC approach based on
available data, a possible method is to 1) use the
inductances given by no-load and short-circuit
transformer tests to assign the number of turns
(N,) the rated voltage (V) of the winding x, ([2, 3]);
2) assume the leakage permeances of all windings
are the same; 3) P, = P, ([3]).

]

Figure 3: UMEC transformer model for three-
winding three-phase three-limb transformer

Although P4 can be obtained from no-load test on
transformer, the corresponding formulas are
different for the winding in the middle limb and side
limbs, since their equivalent no-load magnetic
loops are different. As a result, the formulas for P,
to P5 are:

33+ n,/ra)

2‘DO Vrated,x Irated,x im

P x on middle limb =



Pl,x onside limb =

3(1+n/ra) <1+ 1 )
wOVrated,xlrated,xim 2+ rL/rA
6 Xk

2 =
11 (*)OVrated,xIrated,x

p,=3-Lp
3 = Ta 1

where: wy refers to rated frequency;
im is the magnetizing current at rated
voltage in percentage (%);
Xk is the leakage reactance in percentage
(%);
r. and rp are the ratios of the length and
area of yoke and limb respectively.

3.2 Transformer parasitic capacitances

The parasitic capacitances for single phase are
depicted in Figure 4-a. C;, is the capacitance
between LV winding to earth; C,, and C;; are the

inter-capacitances of MV-LV and HV-MV
respectively; C.4 to Cis are the cross-over
capacitances of winding LV, MV, and HYV,

respectively.
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Figure 4: Parasitic capacitances of transformer: a)
single-phase view of three windings; b) detailed
capacitances between HV, and HV,. Subscript “t’
refers to “transformer”.
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Particularly, the HV winding in Figure 1-a is
equivalent to the four windings (two HV,; and two
HV,, which can be approximately obtained
according to Figure 4-b:

C.. ~2x (Ct,e,s/z + Ct,é,l)(Ct,6,3/2 + Ct,e,z) .

ve Cion+ Cro2 + Croz

Note, that the terminals p and g of MV winding are
equally close to the terminal p of HV winding, while
the q terminal of HV winding is further away
(Figure 1-a, Figure 4-b). Thus, the total capacitive
coupling between HV and MV windings is
represented by two identical capacitances from
both terminals p and g of MV winding only to
terminal p of HV winding, Figure 4-a.

3.3 Shunt Reactor

The shunt reactor can be modelled in a similar way
to Figure 4-a, see Figure 5.

Screen
(Earthed)
C
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1
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Figure 5: Parasitic capacitances of shunt reactor
in single-phase view. Subscript “s” refers to “shunt
reactor”.

The equivalent resistance and inductance of each
layer are represented by Rgx and Lgx (lumped
elements, k =1, ..., 11) respectively.

4  ANALYSIS BASED ON MEASUREMENT

The measurement scheme is depicted in Figure 6,
where the tap-changer in the transformer is at
maximum position (437 kV). Note that the
transformer and shunt reactor in Figure 6-c are not
the ones shown in Figure 6-a and Figure 6-b, but
they are built with the same specification and share
the same datasheet.

The investigated quantity is the absolute value of
the transfer H(f) between the input and output
voltage values as a function of frequency:

V.
|H(f)| — out(f) )
Vin(f)
The results based on measurements and

simulations (where all parameters are assumed to
be frequency invariant) are shown in Figure 6.
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Figure 6: Comparison of measurement and simulation: a) on transformer only; b) on shunt reactor
only; c) on transformer with shunt reactor connected to its LV winding. Vi, (100 V) is the source voltage,

Vout the measured voltage. Ry (50 Q) is the terminal resistor of the measuring device; d) -

results corresponding to a) - ¢) respectively.

Figure 6-d shows that, for the transformer, the
simulated curve based on the model with parasitic
capacitances matches the shape of the measured
curve, especially at frequencies below 10 kHz.
Similar conclusion can be drawn for the model of
shunt reactor according to Figure 6-e, but the
deviation becomes larger for frequencies above
10-100 kHz. Extension of the model used in this
paper is required for higher frequencies; e.g. the
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e) are the

capacitive coupling within the air-core limbed
windings can be changed from layer-to-layer level
(Figure 5) to turn-to-turn level. Figure 6-f confirms
both models of transformer and shunt reactor,
since the simulation has similar shape even though
the measurement was performed on another
transformer and shunt reactor (but with the same
specifications). Moreover, in all cases, the
resonances in the simulated results are less



damped than the measured ones. When the
parasitic capacitances are ignored, models of both
transformer and shunt reactor are purely inductive
and their simulated curves continue going
downwards as frequency increases. They start to
lose accuracy as from around 3 kHz. Note that the
measured values above about 1 MHz must be
ignored since the accuracy of the measuring
device is affected by the connection details to the
transformer.

5 CONCLUSION

The influence of parasitic capacitances on the
transient behaviour of transformer and shunt
reactor has been investigated. The applied
models, which are composed of frequency
invariant parameters, include detailed
configurations: 1) four sub-windings in HV winding
of the transformer; 2) built-in series reactors at LV
winding sides in the transformer; 3) the layer-
profile of the shunt reactor (connecting the parallel
constructed 11 layers in series).

Simulations including modelling parasitic
capacitances represent the observed structures in
SFRA measurements over almost the full
frequency range (20 Hz to 1 MHz), and the model
of the shunt reactor close to 100 kHz. Modification
of the applied shunt reactor model is needed for
higher frequencies. The deviation in simulation
without parasitic capacitances emphasises the
need to include them for frequencies exceeding
about 3 kHz.

6  APPENDIX

Table 1: Transformer electrical rated properties

Parameter Values
Power (MVA) 500/500/167
Voltage (kV) 380/150/50

No-load current (%) 0.032

No-load loss (kW) 130
rn 0.5
I'a 1.0

Table 2: Transformer leakage reactances

Related Windings Values (p.u.)
437 kV - 150 kV 0.213
150 kV - 50 kV 0.177
437 kV — 50 kV 0.414

Table 3: Transformer parasitic capacitances (nF)

Cus 8.6 Cws | 0.054
Ce 5.0 Ciwq| 0.37
Ces 5.0 Cio | 43
Cus 0.017 | Cus| 24
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Table 4: Transformer series reactor

Ris.1= Ris2 (MQ) 4.5

Lis,1 = Lis2 (MmH) 1.9
Cis.1 (PF) 20.0
Cis2 (PF) 25.8
Cis3 (NF) 3.1

Table 5: Shunt reactor electrical rated properties

Parameter Values
Power (MVAr) 100
Voltage (kV) 50
Resistance (mQ, at 15 °C) 3.4

Table 6: Shunt reactor parasitic capacitances (nF)

C5,1 E 86 Cs,‘] 0047
Ce2 1 31.1 C.. | 0.049
Ces 2 32.6 Ces | 0.051
Cea s 34.1 Cos | 0.054
Ces4 35.6 Ces | 0.056
Ceo 5 37.1 Cee | 0.058
Cer6 38.6 C.7 | 0.061
Cep 7 40.1 Ces | 0.063
Ceo 8 41.6 Ceo | 0.065
Cet0.0 430 | Coo | 0.068
CS,11 10 445 C5,11 0070
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