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Abstract: The structure of the induced voltage test model for low frequency transients is described and
presented from its components (generator, auxiliary and power transformer). The performed test procedures
are perfomed to estimate the model parameters along with the topology of their connection. Finally, the model
is implemented in the transient analysis software ATP and a frequency response of the test is obtained. This
allows to identify the critical frequencies that cause resonant states and cause overvoltage during the test which
facilitates the establishment of application of safety criteria for both operators and the equipment.
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INTRODUCTION

The induced voltage test is a routine procedure done
in power transformers after being build, intervened or
repowered and before placing them in substations for their
operation (Hernandez et al., 2007). The test is performed
to evaluate the rigidity of the insulation between turns.
This insulation in most cases is made of Kraft paper
impregnated with dielectric oil that overcoats the
conductors of high and low voltage coils (Sylvain et al.,
2015). The procedure consists of inducing a potential in
the high voltage winding at a specific value. This induced
voltage is close to the double the nominal voltage of the
equipment in accordance with the established levels in the
international standard IEEE and IEC associated with the
test: IEEE Std C57.12.00-2010, IEEE Std C57.12.90-
2006, IEC 60.076-3 de 2000.

To make the voltage induction effective in the high
voltage winding, the frequency and the test time is
adjusted. Generally, the induction frequency is doubled to
avoid saturation in the ferromagnetic core (Mohseni et al.,
2008, McDermid, 2016) and the test is executed for one
minute. The time and frequency parameters can be
adjusted as long as 7200 cycles of the sinusoidal wave are
guaranteed. The test conditions require speed variation in
the generator, such frequency variation eventually
presents the phenomenon of resonance during the test
which represents a risk for the measuring equipment, the
operators and the transformer. The general circuit of
induced voltage test is shown in Fig. 1:
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Fig. 1: Circuit-induced voltage test

To identify the resonance frequencies, a RLC model
is built from the principal elements shown in Fig. 1. The
estimation of the electric parameters of both the generator
and the transformers is made by laboratory testing without
including the internal characteristics of the machine such
as the geometry of the core and caliber of the conductors,
among others. This is with the purpose of not requiring or
not having the information that in the majority of cases
only the equipment manufacturer has.

The modeling of the test is focused on the
transformers which together can present phenomena such
as resonance, ferro resonance and transient commutation
during the voltage energization and induction (Martinez-
Velasco, 2009). Proper modeling of these low frequency
phenomena (from the order of Hz to a few kHz) requires
including the parameters of the core, magnetization,
hysteresis, saturation, frequency dependence of dispersion
inductances and capacitive couplings of the machines
(Martinez-Velasco, 2009). For the transformers, as a
starting point, the hybrid model for the simulation of low
frequency transients is taken. This model originates from
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the analogy between a magnetic circuit and an electric
circuit which allows a precise simulation of transients
up to 5 kHz (Mork et al., 200643, b).

The induced voltage test consists of energizing the
power transformer in a vacuum at a frequency different
from the nominal one, the frequency variation modifies its
inductive and capacitive reactances up to the point of
canceling each other and originating a state of resonance.
This phenomenon manifests itself with significant
elevations in voltage in short times which represents a risk
for operators, sensitive measurement equipment and the
power transformer as well. For this reason, it is
convenient to estimate the resonance frequencies and
from this, to take preventive measures to mitigate the
risks. In this sense, a test model is proposed for low
frequency transients (Martinez and Mork, 2005).
Furthermore, the frequency response is obtained and
analyzed for a specific case.

The methodology of testing and modeling of each
element of the test, the mathematical structure of the
model, and the simulation is presented. Section 3
evaluates the results obtained in the frequency response
curves. Finally, general conclusions drawn from the
research are presented.

MATERIALS AND METHODS

To consolidate the test model, the modeling of each
of the elements that composes it, together with the
procedures carried out for the estimation of the RLC
parameters is proposed.

Generator model: The generator is a highly complex
machine in its modeling because it must include both
electrical and mechanical behavior and the operating
regime. For this reason, a simplified representation is used
which implies the state operation in direct axis
considering the saturation and ground capacitance of the
armature (Martinez-Velasco, 2009). In many cases, the
generator modeling includes field winding together
with  the control system to evaluate time domain
performance (Barakat et al., 2011). However, to calculate
the frequency response, the synchronous generator
inductance, stable armature ground capacitances and the
balanced operation of the generator are particularly
important (Barakat et al., 2011, Despalatovic et al., 2011,
Hadi and Wijaya, 2013). Figure 2 shows the circuit
corresponding to the modeling of the generator:

The model consists of an AC source, the armature
resistance, the synchronous reactance and the armature
capacitance. The set of parameters brings together
phenomena such as: losses in copper, self and mutual
induction, armature reaction and grounding insulation
(Barakat et al., 2011).
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Fig. 2: Generator model
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Fig. 3: Off-load characteristic of the generator
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Fig. 4: Short-circuit characteristic of the generator

Electrical generator tests: For the estimation of the
generator parameters, the vacuum and short-circuit tests
were performed according to the guidelines established by
IEEE (Coultes and Waston, 1981; IEEE., 2009). Such
tests allow for the estimation of the synchronous
reactance considering the saturation. The results obtained
for the vacuum test as a function of the excitation current
are shown in Fig. 3:

The short-circuit characteristic of the generator as a
function of the excitation current is shown in Fig. 4:
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Fig. 5: Synchronous inductance of the generator

The synchronous inductance of the generator from its
own characteristics is obtained using Eq. 1:

L= o (H) @

. 2nfl

where Vo and I are the vacuum Voltage (V) and the
short-circuit current (A) for a given excitation current,
respectively; f is the frequency of the system (IEEE.,
2009). The behavior of the synchronous inductance for a
given excitation regime referred to 120 Hz is presented in
Fig. 5:

It is observed that with low excitation there is high
inductance but as the excitation increases to nominal
values, the dispersion is reduced and the synchronous
inductance decreases. The resistance per phase is
estimated by the DC value measured with the machine
without movement and the capacitances are obtained by
the insulation resistance test executed with the M4000
equipment. In this way, a complete characterization of the
generator parameters is obtained.

Transformer model: The induced voltage test circuit
includes two transformers: auxiliary and power. The first
one raises the output voltage of the generator to required
levels whereas the second one is the element under test
subjected to an overvoltage for one minute depending on
the test frequency. The modeling topology is considered
separately for each transformer because the capabilities
are different. In the case of the auxiliary transformer, this
is of the order of hundreds of kVA whereas the
transformer under test is of powers of up to one hundred
MVA which requires considerations such as dispersion,
magnetization and core losses (Martinez-Velasco, 2009).
However, both circuits start from the hybrid model.

The hybrid model is developed for analysis of
medium and low frequency transients. This incorporates
phenomena such as dispersion, saturation, iron losses,
hysteresis and capacitive couplings (Morket al., 20064, b).
The structure of this model is deduced from the magnetic
circuit which represents the windings as electromotive
forces and the core as reluctances which by analogy,

allow to obtain the RLC electrical circuit that allows to
perform frequency response analysis (Mitchell and
OOliverira, 2012; Kaniewski, 2011).

Auxilliary transformer parameters: The model of the
three-column auxiliary transformer is based on the
proposal by Celis et al. Capacitive couplings are added
ground-line and between windings which gives place to
the circuit shown in Fig. 6:

The hybrid model of the three-phase transformer of
three-columns for low-frequency transients used for the
auxiliary transformer is based on the magnetic
circuit developed in Moses et al. (2010) which by
electromagnetic analogy, allows to define the RLC
components of the circuit. As shown in Fig. 6, copper
losses in the primary are represented by R, », R, gand R ¢
and for the secondary as R », R,z and R, .. Moreover, the
dispersion phenomenon in the primary is represented by
L, Lygand L, and for the secondary as L, L,z and
L,.c; these resistive and inductive elements represent the
transformer windings. For the case of the core, R,and L,
are included which represent the losses in the iron
and the magnetization of the core for each phase of the
transformer, respectively. Ideal transformers are
incorporated in the input and output to make effective the
voltage elevation characteristic of the transformer. Zero
sequence phenomena are added by induction of
homopolar sequence L,. Additionally, capacitive
couplings are incorporated for each of the phases between
the windings and ground and between primary and
secondary C,, C, and C,,, respectively.

Power transformerparameters: The model developed
for the power transformer is based on the proposal
by Martinez-Velasco (2009), Mork et al. (2006a, b),
Moses et al., 2010). Because of geometry effects and
significantly greater capacity, this model differs from the
previous model. This results in the separation of the core
of the windings forming a different topology (Morket al.,
20063, b) which is shown in Fig. 7:

For the power transformer, the parameters that
compose it correspond to: Resistances of ochmic losses in
the copper for both primary and secondary, R, and R,,,
respectively for each of the phases; total inductance of
core dispersion per phase L resistance losses in the iron
Ry and magnetization inductance L,, for each of the
phases; homopolar sequence inductance L,; capacitive
couplings between phases and ground on high and low
voltage side C, and C,, respectively and capacitive
couplings between C,,, windings (Herrera et al., 2013).

Transformer electrical testing: The parameter
estimation of the proposed low frequency models for
transformers is based on routine and specialized tests
together with the characteristicquantities of the
transformer. The necessary tests for the estimation of
parameters are:
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Fig. 6: Auxiliary transformer model
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Fig. 7: Power transformer model

e Short-circuit test and losses with load
»  Excitation test and empty losses
» Measurement of insulation capacitances

The description of protocols and test procedures are
specified in detail in the standards: IEEE Std C57.12.00-
2010, IEEE Std C57.12.90-2006 (IEEE,. 2010).

RH-C

Estimation of auxiliary transformer parameters:
From the obtained results of the tests performed,
the  parameters of the auxiliary transformer
model shown in Fig. 6 are obtained. Before
the estimation, the following input data are
established:
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Primary configuration constant: Considering the
connection of the primary winding, the primary
configuration constant is obtained by Eq. 2:

c =

3, for Aconection 2
1, forY conection ( )

Short-circuit resistance: The short-circuit resistance is
calculated by Eq. 3:

V. ) 2
R =P * LL—prim 3
. ©
Where:
P . Short-circuit power (W)

Vi pim - Line-to-line voltage of the primary(V)
Siom . Apparent power (VA)

Nominal transformation ratio: The nominal
transformation ratio is obtained by Eq. 4:
VLL—prim
nnom =<, 4
VLL—sec ( )
Effective transformation ratio: The effective

transformation ratio is calculated by means of Eq. 5
according to the connection configuration of the
transformer:

V3 N.oms fOr AY configuration
N = . . 5
! 1. n for YA configuration )

ﬁ nom?

Short-circuit admittance: The short-circuit admittance
is obtained by Eq. 6:

Vi | 2
ch _|: LLP”m:| * (chsnom) 7Pcc2 (6)

Suom 100

Where:
Z.. : Board short-circuit impedance (%)

From these input data, the model parameters are estimated
from the following mathematical models:

Copper loss resistance in the primary: The copper loss
resistance in the primary is obtained from the preliminary
data and DC resistances of the primary (Rprim) and
secondary (Rsec) windings and is calculated for each of
the phases a, b and ¢ according to Eq. 7:

k
Rp—a = TC[ZRCC + Rprim - Rseanf:. = Rp—b = Rp—c (7)

Copper loss resistance in the secondary: The copper
loss resistance in the secondary is obtained from the
preliminary data and is calculated for each phase by
Eq. 8 referred to the primary winding:

k
Rs—a = TCI:ZRCC - Rprim+Rsecn2f:| = Rsfb = Rsfc (8)
Dispersion inductances: The dispersion inductances are
obtained for each of the phases in both the primary and
secondary winding by Eg. 9:

ke | X
p-a = ?C[T:;:‘ = Lp—b = Lp—c = Ls—a = Ls—b = Ls—c (9)

Iron loss resistance: The iron loss resistance is obtained
for each phase by Eq. 10-12:

2

_ Koo (Vo)
Rmfa - 3 Po,a (10)

2

_ Koo Vom)
Rmfb - 3 P07b (11)

Ke o (Vim)

_ N x prim

Rm—a - 3C P07C (12)

where P, are the losses in the core obtained in the vacuum
test in each of the phases.It is necessary to clarify that the
losses are smaller in the central column of the core
because it handles a different flow than the lateral
columns.

Core magnetization inductance: The core magnetization
inductance is obtained by Eq. 13-15:

L -Ke *(Vp"m)z (13)
T 3%t Q,,
Ke (Vo)
—_ ¢ g\ Tpim

Lo = Sagnf Qus (14)
2

Kc * (VPrim ) (15)

Lm—a =
3*2nf Q.

where Q, corresponds to the reactive power of each phase
which is obtained from Eq. 16:

Vo1, Y
Q0= ( p”mg Of) _POf2 (16)
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where | ;and P are the vacuum currents and the vacuum
losses of each of the phases, respectively. In this way, an
estimated value of the parameters that compose the model
is available.

Power transformer parameter estimation: Because the
capacity and geometry of the power transformer are
significantly greater than the auxiliary one, in this case a
different mathematical treatment is taken as reference.
Again, from the results of the tests of the transformer, the
parameters that are part of the model of Fig. 7 are
estimated.

Transformation ratio: The transformation ratio is
obtained by Eq. 17 similar to the previous case:

n=—b=—b 17)

Where:
V, : Line-to-line voltage of the primary
V, : Line-to-line voltage of the secondary

Configuration constant of the primary: The primary
configuration constant is obtained by Eq. 18:
|3, forAconnection
“ |1, for Y connection (18)

Copper loss resistance in the primary: The copper loss
resistance in the primary is obtained from the results of
the short-circuit test and are given by Eq. 19:

<*(1-0), P
Ria= 3 (Icccc)z =R g =R (19)

Copper loss resistance in the secondary: The copper
loss resistance in the secondary is obtained from the
results of the short-circuit test and are given by Eq. 20:

K*(X* PCC *n2
H-A = nN“=R,s=Ry¢ 20
3 (|CC)2 (20)

From Eq. 20, it is concluded that for both the primary
and secondary dispersion resistances, the calculation is
performed with the total transformer short-circuit losses
(Pcc)- Additionally, it is assumed that these losses are
distributed in 50% in both the primary and the secondary;
for this reason, the a factor is assumed to be 0.5.

Dispersion inductances: In this case, there is only one
element that gathers the total phenomenon of dispersion
per phase and is calculated by Eq. 21:

) 2
K Vee| | Pee | _ _
e \/( ™ J ( 0, )2] Los=Lyc (21)

Where:

Vccandle. : Correspond to the voltage and short-circuit
current of the transformer

f . The applied frequency of the test (60 Hz)

Iron loss resistance: The iron loss resistance is calculated
by Eq. 22-24 for each of the phases:

2
Ry, - Ko L) @)
3 0.375*P,
)
_ Rex prim
Ris = 3c 0.25*P, (23)
2
P _ kC * (Vprim) (24)

"3 0.375*P,

Note that in this case P, corresponds to the total
vacuum losses of the transformer and a distribution of the
same of 25% in the central column and 70% in the lateral
columns is assumed.

Core magnetization inductance: The core magnetization
inductance is obtained for each of the phases by
Eq. 25-27:

2
_ kC * (Vprirn) (25)
™ 3*2nf  0.375*Q,,

2
_ kc * (Vpnm) (26)
m-b
3*2nf 0.25%Q, ,

2
Lm—a _ kC * (Vprim) (27)
3*2nf 0.375*Q,,
Where:
Q, : Corresponds to the total reactive power and a loss
distribution is made similar to the previous case
Q, : Obtained from Eqg. 28

Q=[] -y @)

where, I ;and P are the vacuum currents and the vacuum
losses of each of the phases, respectively.

From the parameters and procedures presented, a
complete characterization of the elements that compose
the test circuit is obtained whose joint implementation
allows to simulate and to obtain the frequency response of
the induced voltage test.
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Simulation test of the induced stress test: The
phenomenon of electrical resonance presents itself as a
scenario where the inductive and capacitive reactance of
an electric circuit are suppressed by the effects of
reaching a characteristic frequency known as resonance
frequency. When an electrical circuit reaches resonance,
a fully resistive impedance is present which causes a
maximum amplitude response at the voltage. In the
induced voltage test, frequency variations are presented
during the execution of the test where eventually, the
elimination of the characteristic inductances of the
generator and of the transformers with the capacitances of
their respective insulations are eliminated.

After having an electric circuit RLC from the
procedures discussed in the previous section, we proceed
to obtain the frequency response of the circuit whose
ultimate objective is to identify the resonance frequencies
of the system. For this purpose, the ATPDraw transient
analysis software is used which allows frequency sweeps
with very small sampling frequencies which favors the
estimation of resonance states (Hoidalen et al., 2009,
Pedra et al., 2004).

In the general test circuit, the individual models of
each of the elements are coupled to each other considering
the connection groups of both the auxiliary and the power
transformers. In general, a three-phase RLC circuit with
vacuum energization of the transformer under test is used
with the conditions to evaluate low frequency transient
phenomena such as those associated with resonance and
ferroresonance phenomena.

RESULTS AND DISCUSSION

As a test case, the technical, the characterization, and
the simulation procedures presented to a test system
composed of the following elements is performed.

»  Three-phase synchronous generator: 2560 kVA, 450-
720V, 2053 A, 60-120 Hz, 900-1800 rpm

e Three-phase auxiliary transformer: 500 kVA, Dyn5,
440/34500 V, BIL 200 kV, ONAN

»  Three-phase power transformer: 22.5/30 MVA OA
[FA, 12/115 kV, 60 Hz

Each of these elements were tested for vacuum,
short-circuit, capacitive coupling tests whose data allowed
to characterize the RLC parameters.

By performing the simulation of the frequency
response of the circuit, the curve shown in Fig. 8 was
obtained.

In Fig. 8, the resonance frequency is identified at
approximately 552 Hz, at which point a maximum
amplitude voltage response is obtained which reaches a
value of up to 4.5 kV for each ampere in the circuit
feed.
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Fig. 8: Frequency response curve-case study |
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Fig. 9: Frequency response curve-case study Il

The obtained resonance frequency for the case study
allows to establish the test criterion which ensures the
non-presence of voltage elevations due to phenomena
such as resonance at values close to 120 Hz which
suggests performing the induced voltage test induced at
frequencies close to this one. Also, it is established that
the frequency of 552 Hz should be avoided for the
implementation of the test.

Another of the tests performed corresponds to the
generator and the transformer of the same previous
characteristics but with a power transformer with the
following features: Three-phase power transformer: 36/60
MVA OA/FA, 13.8/110 kV, 60 Hz. After the respective
modeling and simulation, the frequency response shown
in Fig. 9 was obtained.

In this case, according to Fig. 9, itis observed that
the resonance frequency corresponds to approximately
737 Hz, at which point a maximum voltage amplitude
response is obtained which reaches a value of up to
5.3 kV for each ampere in the circuit feed. Thus, we
conclude that the 120 Hz test criterion is adequate.
Furthermore, it is established that the frequency of
737 Hz should be avoided for the implementation of the
test.

The obtained model of induced voltage test facilitates
its attainment because it allows the estimation of core
parameters, windings and insulation only from the
electrical vacuum tests and short-circuit and capacitive
coupling measurement. Generally, the performed test
cycle to a power transformer starts with the routine
vacuum and short-circuit test and ends with the induced
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voltage test. In this way, it is possible to obtain the model
at the beginning of the test cycle and therefore, it is
possible to have a test criterion at the time of executing
the induced voltage test from the results obtained in
simulation.

However, it is possible to include more important
elements in the model to improve its accuracy such
as the phenomena associated with the tertiary winding of
the transformer, the non-linear characteristic of the
magnetizing branch of the transformer circuits and the
generator excitation circuit. Moreover, it is necessary to
implement a parameter calculation interface from the test
results to facilitate the estimation process and simulation
of the test. These topics will be the object of future
worksto consolidate a complete test model of easy
implementation and simulation.

CONCLUSION

In operational terms, the model and the simulation of
the induced voltage test constitute a useful tool for the
laboratory engineer to execute the cycle of tests in the
transformer in a safe way for the people as well as for the
equipment and the machines which minimizes the risk
scenarios and contributes to the implementation of good
industrial practices.

The proposed model includes a considerable amount
of electrical and magnetic phenomena presented in the
normal operation and under test of a transformer,
emphasizing the phenomena of vacuum magnetization
and the capacitances characteristic of each component.
This favors the accurate obtaining of the resonance
frequencies of each test circuit.
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