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Measurement-based electrical parameters of
power transformers for Frequency Response
Analysis interpretation — Part 11: Winding
analysis

Dinh Anh Khoi Pham

Abstract— For a practical Frequency Response
Analysis (FRA) interpretation applicable to power
transformers, frequency dependent electrical
parameters of the core and windings in broad
frequency range should be identified through non-
destructive measurements. Since the core parameters
are determined in Part I, electrical parameters of
windings (resistances, capacitances) and leakage
paths surrounding windings (leakage/zero-sequence
impedances) of a distribution transformer will be
discussed in this paper.

Due to the fact that most parameters associated
with the windings currently can only be measured at
or around power frequency through diagnostic
testing methods, the practical parameter-based FRA
interpretation is not possible. To deal with this
problem, the paper proposes a new approach based
on the combination of different measured driving-
point impedances and relevant analysis of the
duality-based equivalent circuit in determining
frequency dependent parameters associated with
transformer windings. Results show that the physical
FRA interpretation can be reasonable obtained for
the test transformer in low and medium frequency
range.

Index Terms— Driving-point impedance, duality
principle, electrical parameters, frequency response
analysis, transformer winding.

1 INTRODUCTION

lectrical parameters  associated  with
transformer windings consist of resistances,
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capacitances and dual  magnetic-electrical
parameters such as leakage and zero-sequence
inductance. From measurement viewpoint, they
can only be represented by components in the
duality-based equivalent circuit at low and
medium frequencies [1-4]. Since the electrical
parameters are not fully determined and can only
be measured in a very low frequency range, it is
thus stated that the determination of all electrical
parameters in broad frequency range for a
reasonable FRA interpretation in low and medium
frequency range is valuable and meaningful.

It is necessary to review state-of-the-art
diagnostic testing methods for measurement of the
winding-associated electrical parameters. Apart
from conventional methods that measure
transformers at power frequency, several advanced
methods are developed and performed by means of
specialized testing devices such as the CPC100
device in a very low frequency range from 15 Hz
to 400 Hz to determine leakage and zero-sequence
inductance, stray losses, ground and inter-winding
capacitances [5]. Thus, these parameters are not
fully beneficial for a physical FRA interpretation
since the frequency range for FRA measurements
is normally from 20 Hz to 2 MHz.

To be able to solve the problem, this paper
introduces a case study in determining frequency
dependent electrical parameters associated with
transformer windings for FRA purpose on a
200 kVA  10.4/0.46 kV  YNyn6 opened
transformer. In the case study, measurements of
frequency responses of driving-point impedances
performed at transformer terminals by means of a
scattering-parameter  vector-network  analyzer
(VNA) of Omicron are found suitably with
selected settings: low applied field (1 Vims Open-
circuited) and broad frequency range (20 Hz to
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2 MHz). Other diagnostic measurements such as
standard FRA, conventional and advanced
diagnostic testing methods are performed by
means of the VNA and the CPC100 for the
purpose of verification.

2 WINDING PARAMETER DETERMINATION

This section presents how frequency dependent
functions of winding parameters of the test
transformer referred into the high-voltage side are
developed from measurements so that the
simulation of the duality-based circuit in broad
frequency range is feasible.

2.1 Duality-based equivalent transformer circuit

The duality-based equivalent circuit of the test
transformer under single-phase excitation on phase
A is depicted in Fig. 1 (source is not shown) with
explanation: Ry//L1, Ry//Ly are non-linear core leg
and yoke components, respectively; Ry and R, are
resistances of high-voltage (HV) and low-voltage
(LV) windings, respectively; Ls is (per-phase)
leakage inductance in the tested phase; Ra//L4 are
(per-phase) zero-sequence components [6]. Since
the circuit is used for simulation at medium
frequencies, widing capacitances are added as
follows: Csy, Cou and Cgu, Cqu are series and
ground capacitances of HV and LV phase
windings, respectively; Ciw are inter-winding HV-
LV capacitances (Cgn, Cq and Ciw are divided into
two connected to ends of windings).
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Fig. 1. Duality-based equivalent circuit of the test transformer
at low and medium frequencies.

To be able to determine different parameters in
the circuit, several measurements of short-, open-
circuit, zero-sequence, and capacitive input
impedances need to be performed so that relevant
electrical parameters can be calculated.

2.2 Determination of winding resistances and
leakage inductances from per-phase short-
circuit impedance tests

A per-phase short-circuit impedance test is
performed in the same manner like the relevant
conventional diagnostic test, i.e. a HV phase
winding, e.g. terminals A-N, is excited whereas the
corresponding LV, terminals a-n, is short circuited.
As a result, the measured impedance at low
frequencies consists of two components in series:
an equivalent resistance representing total stray
losses (Rstray losses) IN real part and a per-phase
leakage inductance (Ls) representing
corresponding leakage flux between the HV and
LV winding in imaginary part.

1) Calculation of winding resistances from
Rsray losses: In the short-circuit impedance test, the
Ristray 1osses CONSists of two main components: AC
resistances of HV and LV windings accounting for
eddy current and circulating current loss, resistive
losses from other transformer parts (flitch plate,
core edge, frame and tank) [7]. It is realized
though simulation later on that any selection of
factors for winding resistances (Ru, Ri) from
Rstray 10sses 1S acceptable because it does not
influence much the simulated frequency responses
where the interactions between inductances and
capacitances are of importance and interest.

2) Development of frequency dependent
functions for winding resistances and leakage
inductances: at frequencies lower than 10 kHz, the
measured impedance is inductive. As a result,
winding resistance and leakage inductance can be
easily calculated from measurements and
afterwards frequency dependent functions can be
developed thanks to simple fitting functions [8]. At
higher frequencies, frequency dependent functions
of the parameters could only be obtained based on
experimental formulas. For winding resistances,
the formula accounting for skin effect in the form
of the two-term power function in [2]: Rac(f) =
Roc + ARacx(f/50)™, where f is frequency and m is
constant, can be used whereas any function which
has constant tendency versus frequency such as the
rational function can be considered for leakage
inductance since non-magnetic materials are in
leakage channels.

Fig. 2 and 3 plot the resultant frequency
dependent functions of the Rsay losses and Lz of
phase A in whole frequency range, respectively.
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Fig. 2. Calculated and fitted equivalent resistance of total stray
losses of phase A.
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Fig. 3. Calculated and fitted leakage inductance of phase A.
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In  Fig. 2, good agreement between
measurement-calculated values at frequencies
lower than 10 kHz shows that the chosen fitting
function is efficient to represent the Ristray losses,
from which resistances of HV and LV windings
can be calculated using rough factors. In Fig. 3, the
fitting function of leakage inductance not only
matches with calculated values at frequency range
from 100 Hz to 10 kHz but also provides constant
tendencies at other frequencies (lower than 100 Hz
and higher than 10 kHz). The constant tendency at
frequencies lower than 100 Hz is useful to adapt
corresponding measured values in a correct way.
Error of 0.13 % from the comparison of leakage
inductances between the conventional diagnostic
testing method (54.64 mH measured by means of
the CPC100, 1 A supplied) and the impedance
approach (54.57 mH) at 50 Hz shows that the
function is appropriately selected.

2.3 Open-circuit zero-sequence impedance from
zero-sequence impedance test

The zero-sequence impedance test is performed
in such a way that the source is supplied between
the three connected HV terminals and the HV
neutral. For the test transformer, it is possible to
perform two types of zero-sequence test at HV
side since the star-connected LV winding can be
left opened or shorted. Nevertheless, only the
open-circuit zero-sequence test is necessary since

the resultant impedances are required for analysis
of the open-circuit driving-point impedances (and
voltage ratios). The measured impedance has an
inductive behaviour at frequency range from 20 Hz
to 3kHz and a capacitive feature at higher
frequencies. In the inductive region, since the total
zero-sequence current is from three per-phase
currents each of which flows through a HV
winding resistance and a per-phase zero-sequence
impedance, the  per-phase  zero-sequence
impedance can be determined as one third of the
measured impedance subtracting the HV winding
resistance.

After per-phase zero-sequence impedances are
calculated from measurements at frequencies from
20 Hz to 3 kHz, frequency dependent functions of
per-phase zero-sequence components are then
developed. For  per-phase  zero-sequence
resistances Rg, the fitting function as a two-term
power function of logarithm scale of frequency is
best used whereas for per-phase zero-sequence
inductances L., since it represents also the linear
reluctance of non-magnetic material paths outside
the windings, the fitting function for leakage
inductance can be applied. Fig. 4 and 5 plot fitted
frequency dependent functions of per-phase zero-
sequence components in wide frequency range,
which vyield good performances at measured
frequencies (for instance, error of 0.32 % of zero-
sequence inductance compared with the
conventional measured one at 50 Hz) and also
acceptable tendency at higher frequencies.
Comparison between Fig. 3 and 5 shows that the
zero-sequence inductance is appreciably higher
than the leakage one since the transformer has no
tank which acts as shield to confine the zero-
sequence flux paths. It gives a logical reason for

the fact that the zero-sequence inductance
influences core calculation in [6].
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Fig. 4. Calculated and fitted per-phase zero-sequence
resistance.
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Fig. 5. Calculated and fitted per-phase zero-sequence
inductance.

2.4 Ground and inter-winding HV-LV
capacitances from capacitive impedance
tests

Ground and inter-winding HV-LV capacitances
can be measured in the conventional capacitance
test by means of the CPC100 at power frequency
and high applied field. Alternatively, they can be
determined from capacitive impedance tests at
very low applied field but higher frequencies [9].
The capacitance model shown in Fig. 6 is derived
from the circuit in Fig. 1 with HV terminals (A, B,
C, N) shorted and LV terminals (a, b, ¢, n) shorted.
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Fig. 6. Capacitance model of the test transformer.

In Fig. 6, Cue and C.c are the total ground
capacitances of the HV and LV windings
respectively and Cy_ is the total HV-LV inter-
winding capacitance; these total capacitances are
constituted from three relevant phase winding
capacitances (Cgr, CgL, Ciw) in Fig. 1.

The procedure to calculate the capacitances
from capacitive impedance tests performed by
means of the VNA is based on different
combinations of measurement configurations as
explained in Table 1.

TABLE 1
MEASUREMENT CONFIGURATIONS IN CAPACITIVE IMPEDANCE
TESTS
No Configuration Equivalent capacitance
1 HV excited, LV shorted Cuc /Il (Cyi series Cig)
2 HV excited, LV grounded Cue /l Cr
3 HVshorted, LV excited Cic /! (Cu series Cg)
4 HV grounded, LV excited Cus !/ CaL

Table 2 presents a comparison of the
capacitances from the conventional and impedance
test. The conventional test is performed by means
of the CPC100 at power frequency at a voltage
lower than the normal applied voltage (2 kV
instead of 10 kV) since the transformer has no oil
and the insulations are very aged (measured
dissipation factors are higher than 20 %). The high
losses in insulations influence much the accuracy
of capacitances in the conventional test, especially
the Crg. On the other hand, in the impedance tests,
equivalent capacitances are extracted from
measured impedances at frequencies where very
pure capacitive characteristic is found, which
cannot be achieved with the diagnostic test at
power frequency. Therefore, the results derived
from the impedance tests are considered more
accurate and will be used for further analysis.

TABLE 2
COMPARISON OF MEASURED CAPACITANCES

Cap. in Conventional test Impedance test

pF (at 2 kV, 50 Hz) (at1V, ~1kHz)
Chc 290 316
Cie 4118 3097
ChL 1156 993

3 APPLICATION FOR PARAMETER-BASED FRA
INTERPRETATION

Since most electrical parameters of the
transformer (core impedances, leakage/zero-
sequence impedances, winding resistances and
capacitances) are determined, the parameter-based
FRA interpretation is now possible.

3.1 Interpretation of open-circuit impedance

The circuit in Fig. 1 without winding series
capacitances is first simulated by means of
commercial circuit simulation software that is able
to take into account the frequency dependent
functions of inductive components. To illustrate a
typical case of interpretation of open-circuit
impedances at HV side, Fig. 7 shows comparisons
between measured and simulated frequency
responses of the open-circuit impedance of phase
A. Since the equivalent circuit in Fig. 1 (names as
“original”) is valid from 20 Hz to 30 kHz (see Fig.
7), the circuit is adjusted slightly so that the valid
frequency range is extended until 100 kHz.
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Fig. 7. Measured and simulated open-circuit input impedances
observed at the HV winding of phase A.

From Fig. 7, several conclusions are drawn as
follows.

1) Validation of core impedances: Reasonable
agreements at low frequencies from 20 Hz to
400 Hz (region @) show that core impedances
calculated in Part | [6] are acceptable.

2) Influence of series capacitances: Since there
is good agreement between measured and
simulated open-circuit impedances at medium
frequencies where capacitive characteristic is
dominant (region ®), the series capacitances of
windings are small compared with other
capacitances and thus can be neglected.

3) Regions of parameter influence in Fig. 7 can
be interpreted as follows: Region @: inductive
core influence (20 Hz to 400 Hz); Region @:
interaction between core inductances and winding
capacitances (from inductive into capacitive from
400 Hz to around 6.5 kHz); Region ®: winding
capacitances (capacitive from 6.5 kHz to around
10 kHz); Region @: interaction between winding
capacitances and total zero-sequence inductance
(10 kHz to 30 kHz); Regions ®, ® and @:
winding capacitances and total zero-sequence
inductance (capacitive tendency at frequencies
higher than 30 kHz with the original duality-based
circuit)

Since the leakage inductance is much lower
than the zero-sequence inductance and is in the
magnetic-electrical circuit with core and zero-
sequence impedances, its influence on the
simulated impedance cannot be recognized. As a
result, it can be stated that the duality-based
transformer circuit for the test transformer is
limited from low frequencies to around 30 kHz.
The valid frequency range of the circuit can be
extended to around 100 kHz (region ® in Fig. 7) if
the leakage inductance is moved from the
magnetic-electrical area into the winding area, i.e.
in series with winding resistance Ry and
terminated with two ground capacitance Cgn/2 at

two ends (the adjusted circuit). In this situation,
the valid frequency range broadened from 30 kHz
to 100 kHz proves that at high frequencies, direct
couplings  between  (distributed) leakage
inductance and winding capacitances happen.

3.2 Interpretation of the open-circuit voltage
ratio

The original and adjusted circuits are then used
to simulate the “end-to-end open-circuit voltage
ratio” (EEOC) test of phase A as shown in Fig. 8.
At frequencies lower than 30 kHz, it is true that
core impedances are validated and windings’
series capacitance can be ignored since good
agreements between measurements and
simulations in sub-frequency ranges like those in
Fig. 7 are observed. At higher frequencies, large
deviations however appear, meaning that the
circuit is not very suitable for standard frequency
response simulations. In comparison with the
original circuit, the adjusted circuit is found better
since the simulated result reflects interactions of
winding capacitances and leakage inductance at
the end of region @ in Fig. 8 (at around 42 kHz),
when the inductance is moved into the winding
area. Nevertheless, a lot of peaks/valleys and
maximum/minimum in region ® in Fig. 8 reveal
that the duality-based circuit is no longer valid and
a distributed circuit should be developed for a
better analysis, as suggested from international
standards [10-11].
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Fig. 8. Measured and simulated standard EEOC tests of the HV

winding of phase A.

4 CONCLUSION

This paper presents a new approach in
determining winding-associated parameters in the
duality-based circuit based on measurements of
frequency responses of driving-point impedances
for purposes of FRA interpretation. In detail,
frequency dependent functions of winding and
zero-sequence resistances, leakage and zero-
sequence inductances are developed in broad range
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of frequencies, and winding capacitances are
determined reasonably based on different types of
impedance measurements.

For application, frequency dependent functions
of inductive components and constant capacitances
are helpful to interpret influences of electrical
parameters in different frequency responses in
broad frequency range. In addition, the simulation-
based FRA interpretation is useful to determine the
influence of windings’ series capacitance on the
total capacitance effect, which has been unsolved
satisfactorily so far.
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Théng s6 dién may bién ap luc cho phan tich
dap ung tan so - Phan II: Cudn day

Pham Pinh Anh Khoi

Tém tit— Dé ung dung k¥ thuat phan tich dap ung tan s6 cho may bién 4p luc (MBA), cac thong sb dién cia 16
thép va cudn day cén phai duoc xac dinh trong ving tin s6 rong. BO’I vi tong trd 161 thép da dugc tinh toan trong phan
I, cac thong s6 ciia cudn day (dién trd, dién dung) va cic tdng tré ngan mach/thir tw khong ciia mot may bién ap phan
phéi s& duoc khao sat trong bai bao nay. Do phin 16n cac thong sé lién quan dén cudn dy hién nay chi co thé do
ludng tai hay xung quanh tin s6 cong nghiép bang cac phép do chin doan truyén thdng, viéc phan tich dap tng tin s6
s& khong kha thi. Dé giai quyét vén d& nay, bai bao dé xuit mot giai phap méi xac dinh thong s6 cudn day dua trén sy
két hop glua phép do cac tdng tré dau cyc va phép phan tich trén mach tuong duorng MBA xay dung trén nguyen ly
tuong hd. Két qua cho thiy viéc phan tich dap tmg tin s6 cho MBA khao sat ¢6 thé thuc hién dugc trong ving tin sb
thip va trung binh.

Tir khéa— Tong tré dau cuwe, nguyén Iy twong hé, phan tich dap vmg tan s6, thong sé dién, cudén ddy mdy bién dp.



