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Determination of the saturation curve of power
transformers by processing transient measurements

Toussaint Canal, Francois-Xavier Zgainski, Vincent-Louis Renouard

Abstract—The sudden energization of large power
transformers may lead to the saturation of the magnetic core and
induce resonant overvoltage on weak networks due to low
frequency high module inrush currents. The magnetization curve
of the transformer and the value of its air-core inductance play a
key role in the constraints that can be applied to the equipment
due to the switching. The method set out in that document allows
to identify the saturation curve of three-phase power
transformers from measurements recorded during switching
transients.
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. INTRODUCTION

T 0 ensure Nuclear Safety, several voltage recovery
schemes are defined to supply power to a nuclear power-
plant facing a total loss of its electrical sources. They consist
in re-energizing the auxiliary transformers of the power-plant
as fast and as safe as possible in order to supply its safety
systems thanks to overhead HV lines of several hundreds of
kilometers and an islanded power plant available in the near
area of the plant out of power (Fig. 1). Risk analysis studies
(based on EMT simulations) and field tests allow to prove the
feasibility and the robustness of these recovery schemes [1],

[2].
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Fig. 1. Network configuration to re-energize the auxiliary transformer of a
nuclear power-plant.
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The sudden energization of power transformers may lead to
the saturation of the magnetic core and induce RMS-voltage
drops and resonant overvoltages due to low frequency high
inrush currents [3]. These high overvoltages and inrush
currents may damage the involved equipment by causing the
failure of the protective systems (surge arresters) [4], dielectric
degradations [5] and large deformations due to electrodynamic
forces on windings [6]. In the end, these phenomena can lead
to the failure of the recovery process.

The magnetization curve of the transformer and the value
of its air-core inductance play a key role in the stresses and
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constraints that can be applied to the equipment. As an
example, a 10% overestimation of the saturated inductance,
computed from the air-core inductance, can lead to
underestimate voltages constraints during the transformer
energization by a factor of 30% [7]. An analytical approach
was therefore developed in [8] to determine the air-core
reactance of transformers with precision, without having to
engage heavy computations based on modeling and
simulations performed with finite element electromagnetic 3D
software.

The method set out in that document allows to identify the
saturation curve and the saturated inductance of three-phase
large power transformers from several switching transients
records. The simple resulting transformers model presents
many interests to simulate low frequency transients (< 1 kHz).

Il. TRANSFORMER MODEL USED IN VOLTAGE RECOVERY
STUDIES AND ITS LIMITATIONS

In this section, we try to present the well-known model of
transformer that is used in voltage recovery studies [1]. The
method used to identify its main parameters is also detailed.
This section is mainly a presentation of the scientific literature
and a reminder of the modelling of transformers for switching
studies.

There are complex transformer models available to
simulate transformer switching transients [9]. The model of
the three-phase shell transformer used here is built from three
single phase models whose terminals are connected according
to the coupling of the transformer. The following figure shows
the example of an Ynd11 three-phase transformer (Fig. 2).
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Ynd11 three-phase model built from 3 single phase models

Fig. 2.

The single phase model used is the traditional “T”-
equivalent model (Kapp’s model) that is commonly used for
low frequency transient studies (below 1 kHz) (Fig. 3).

This section summarizes how this model is classically
established (Part A.) and how the proposed method to identify
the saturation curve can improve its representativeness despite
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its limitations (Part B.).
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Traditional “T” equivalent model.

A. Parameters calculation of the single phase unit

The model parameters can be determined by applying the
methods identified in the guide [10].

Leakage impedances and winding resistances are calculated
from standard short-circuit tests:

- The total AC winding resistance is calculated from the

active power measured during the short-circuit test.
This resistance is split on the HV and the LV winding
(R1 and R respectively in Fig. 3) according to the DC
winding resistances distribution.

- The leakage inductance measured during the short-
circuit test is artificially split between primary and
secondary winding (L1 and L, respectively in Fig. 3).
In this model, we assume arbitrarily a 50% splitting
factor, even if the leakage inductance between the HV
winding and the core can be larger than the one
between the LV winding and the core [10].

The saturation curve which represents the nonlinear
behavior of the core, is a critical parameter to reproduce
energization transients. Saturation and core losses are
modelled by adding at the HV side a linear resistance in
parallel with a non-linear magnetizing inductance [11]. These
parameters are determined from the standard no-load test:

- The value of the resistance can be calculated from the

core losses at rated voltage.

- The magnetizing inductance is calculated in an
iterative way, by using the no-load RMS currents
measured at different excitation voltages, often limited
to 90 and 120% of the rated voltage. The no-load test
is reproduced on the EMTP software: for each level of
sinusoidal voltage applied at the LV side, the peak
value of the magnetizing current at the corresponding
flux is adjusted in the model in order to reproduce the
RMS values of the no-load current measured in the
physical test.

The model provides a relatively good estimation of the
knee saturation curve (flux as a function of the magnetizing
current) of the power transformer in the linear and possibly the
low-saturated area of the curve.

The slope of the saturation curve under highly saturated
conditions (Lsa) is deduced from the value of the air-core
inductance provided by the manufacturer. In most cases, this
value is calculated by approximate formulae using a global
geometry of the transformer’s coil or winding with a 10 to
20% accuracy [8]. As the core is connected to the star point,
the saturated inductance is calculated by removing only the
fraction of the leakage inductance placed on the HV (primary)

side of the transformer (Luv), to the air-core inductance
calculated for the HV winding (Lair-core,1v) as in the following
equation (1).
I-sat:Lair—core,HV - Ly 1)
The following figure shows an example of the shape of the

saturation curve that can be obtained with this method (no-
load tests points are marked in orange) (Fig. 4).
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Fig. 4. Saturation curve of a 96 MVA power transformer (ratio 410/6.8 kV)

B. Limitations of this model

In this model, significant uncertainties remain on the value
of the final linear slope of the saturation curve, the value of the
saturation flux and the non-linear behavior in the “bend zone”
between the last point of the no-load test and the point of
complete saturation. These uncertainties can lead to significant
deviations on the estimation of the inrush currents and the
harmonic overvoltage. The method set out in Section 11, aims
to identify more precisely the saturation curve on the basis of
measurements recorded during the transformer on site
switching tests.

Like any other model, the model used in this method has
several limitations, the main ones are the two following ones:

- It does not represent neither the magnetic linkage
between the three phases nor the asymmetry of core for
a three-phase transformer

- The frequency dependence of the losses in the copper
windings and in the magnetic circuit are only correct at
the frequency of the short-circuit tests (50 Hz). The
high frequency losses and the skin effect in the copper
of the coils are not taken into account. Therefore, this
model is supposed to be conservative because the
losses are underestimated.

Despite these limitations, a precise estimation of the
saturation curve, input in this model, will allow to reproduce
the higher inrush current of the three phases fairly well. Thus,
the peak of the overvoltages that can occur during the
energization, will be sufficiently precisely estimated to
identify the risks that are taken. However, it will remain
difficult with this model to reproduce correctly the behavior of
all the phases and the damping of the inrush currents (which
will be more significant in the real observations of the on-site
tests).

I11. IDENTIFICATION OF THE SATURATION CURVE OF A POWER
TRANSFORMER BASED ON SWITCHING TESTS MEASUREMENTS

Field tests are performed periodically on the same model of



transformer on multiple sites in order to validate the feasibility
and the robustness of each recovery scheme. During these
tests, depending on the initial conditions (residual flux and
closing times of the circuit breaker) the power transformer
which is energized, can often be forced into saturation with
large magnetizing currents that can reach several times the
rated value.

A. Switching transient measurements

The measurement of the transient 3 phase voltages and
currents recorded during this switching operation can help us
to estimate the saturation curve of the transformer. The
following figure shows the location of the measuring points
(voltages V and currents 1) and the sampling rate chosen for
the data acquisition during the tests (Fig. 5) [1].

The voltages on the EHV side of the transformer are
measured by on site voltage transformers generally located
upstream of the switching device. The currents are measured
with on-site current transformers dedicated to protection
circuits which are preferred to the current transformers that are
dedicated to measurements in order to ensure a low saturation
of the sensor during the first periods after the switching. The
voltages and the currents of each phase are recorded with a 5
kHz sampling rate.
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Fig. 5. Location of the measurements during field tests

B. Determination of the magnetizing current

To obtain the saturation curve of the transformer, it is
necessary to deduce from the phase current measurements (J),
the values over time of the magnetizing current (Imag) (Fig. 6).
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Fig. 6. HV side of the single phase model

For three-phase Ynd1l transformer in no-load conditions
(Fig. 7), the LV-side imposes the same delta current (lgeita) in
the three phases. As the current flowing through the Rpmag
resistance is negligible, the magnetizing current of each phase
(i =1, 2 or 3) can be given by the following formula (2):
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Fig. 7. Three-phase Ynd11 transformer in no-load conditions

The determination of the delta current is based on the
following observation: in practice, we observe that, at any
time, there is always at least one of the three phases which is
not saturated. The unsaturated phase has a very weak
magnetizing current which is negligible in comparison to the
other currents. So, for this particular phase, we can
approximate that the delta current is equal to the phase current
J. Thus, at any moment, the delta current is equal to one of the
phase current.

The following figure (Fig. 8.) shows the temporal pattern of
phase currents which clearly highlights different behaviours
over time.
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Fig. 8. Example of phase currents measured after the switching of a

transformer and the delta current calculation

In Part 1, the three line currents are equal. Therefore, we
can deduce that none of the three phases is saturated. Thus the
laeita CUrrent is equal to the three phase currents Ji, J, and Js.

In part 2, one of the currents (J2) becomes different from
the others. That means the phase 2 has just saturated, the lgeita
current is equal to the currents of phase J; and J;. We find a
similar situation in part 4 where the phase 1 is saturated.

In part 3, none of the currents are equal. That means, there
are two saturated phases. The unsaturated phase through
which the lgera current flows, is the one that is not saturated in
either part 2 or part 4, i.e. phase 3. Thus the current delta is
equal to Js. In part 5, by the same reasoning, the current delta
is equal to Jo.

The delta current can therefore be easily estimated by an
algorithm that takes into account these notable properties (3).



vt, if Ik=isothat J, (t) = J;(t)then 14, () = J, (1)
Onthe contrary, if 3t; and t, sothat, fort, <t <t,,

J () = 3, ()= J4(1),

then | g, (1) = 3, (1)

with ksothat J, (t;) = I yoa(t;)and J, (t5) = 1 ygea (t2)

@)

Then, the magnetizing currents in each phase can be
deduced from the delta current by using (2) (Fig. 9.).
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Fig. 9. Magnetization current deduced from phase currents measurements

We have checked the correct operation of this algorithm on
signals computed by the EMTP software. The delta and
magnetizing currents estimated by the algorithm are very
closed to the currents calculated with EMTP (Fig. 10.): the
total error defined by (4) is 0.6% in this case.
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Fig. 10. Comparison between the delta and magnetizing currents identified
by the algorithm and the currents computed with EMTP

C. Determination of the transformer fluxes

In order to build the saturation curve (¢ as a function of
Imag), the flux ¢; must be determined from the measurements of
the primary HV voltages Vuv,i and of the currents that flows
through the primary HV windings Ji as shown in Fig. 6.

The flux is obtained via the integration of Vimag,i, given by

the following equation (5), from the first maximum following
the switching (6) [12]:

dJ;
Vmag,i M=V i (- LHV XE_RHV xJ; (1) ®)

B, (t)=—[Vyag (1) dt+C; (6)
where Lyy and Ruyv are the HV inductance and resistance
shown in Fig.6 and C; an integration constant.

For each phase i, the constant C; — which is a kind of
vertical offset on the first computed curve (see Fig. 11.) —
depends on the circuit breaker closing times and on the
residual flux in each leg of the transformer. In order to
determine this constant, the cloud of the points ¢ as a function
of Imag is plotted (Fig. 11.). As the number of the points in the
cloud can be quite large, it is first filtered to obtain an average
curve (blue curve). The integration constant C; is determined
to adjust vertically this curve so that it passes through the last
point deduced from of the no-load test.
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Fig. 11. Flux as a function of Magnetizing Current Imag, computed from the

first five period following the switching

A new cloud of points is computed with the value of C; and
it becomes consistent with the theoretical curve resulting from
the no-load tests (Fig. 12.).
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with the no-load factory test measurements

D. Determination of the saturation inductance
The phase which is the most saturated (that is to say with



the highest current) during the test is chosen to determine the
saturated inductance (slope of the saturation curve under
highly saturation conditions).

First of all, it is necessary to define the flux beyond which
we can consider that the magnetic core is totally saturated, i.e.
the saturation curve becomes totally linear. Then, a least
square regression is performed on all points ¢(I) located above
the saturation flux to determine the saturation slope (using
MATLAB’s polyfit() function with a 1%-order polynomial
[15]).

Figure 13 shows the estimated slope as a function of the
point chosen as the start of complete saturation. It allows to
underline that the choice of this point is crucial to:

- estimate the slope (for example, the green and blue curves
have a slope much closer to the asymptote of the real curve
than the red curve).

- better represent the bend of the curve since the last point
of the no-load tests is often not located in the saturated zone.
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Fig. 13. Influence of the choice of the flux at saturation on the calculation of
the saturated inductance and the representation of the bend of the curve

The value of the flux at saturation (¢sa can be calculated
from the rated induction of the transformer (B;) and the
saturation induction of the steel of the magnetic core (Bsa) by

using (7) [13].
B . V2
¢sat:¢r * Bs?t with ¢r:r7

Where V, is the HV rated voltage of the transformer and w the
angular frequency.

)

To be able to determine the saturation inductance from the
test data, it is necessary that the fluxes in the transformer have
at least exceeded the saturation flux during the test.

Typical values for rated induction and saturation induction
of the kind of power transformers studied here are [13]:

B,=1.65T +8% and B, =2T £2%

E. Precision

With this method, it is thus possible to obtain, for each test
where the target transformer has saturated, a value of Ls. and
the coordinates of the complete saturation start point. But the
precision of the values obtained mainly depends on:

- the precision of the voltage and current measurements

made during the test

- the uncertainties introduced during the data processing

(delta current and flux estimation, ...)
- the level of saturation reached during the test

To obtain a more accurate estimation of Lsx than the one
calculated from the air-core inductance given by the
manufacturer, it is necessary to treat several switching
transient recordings made at different dates and locations on
the type of power transformer we want to model.

The mean value and the standard deviation of the set of
saturated inductances Lsa; calculated from n independent

tests can be respectively estimated by | et o, defined in (8).

2

n
_ n _
Lsat = % igll-sat,i and o= ﬁiz_l:(l-sat,i - Lsat) (8)

T= Lsat B Lsat \/ﬁ 9)
o
Assuming that Lsa: computed values follow a Gaussian law,
the quantity T defined in (9) has a Student’s t-distribution with
n-1 degrees of freedom and can be used to determine:
- aconfidence interval for Ls;: mean value given by (10)
- a prediction interval for a new Lsa Observation given

by (11)

L. —ko o

sat_\/ﬁ

Q—ko- /1+% Slhgg < g+ ko /1+%

where k is given on the following Student’s table (Table I) as a
function of the confidence interval and the number of tests.

sat,mean < g + kT(r)]- (10)

(11)

In probability and statistics, Student's t-distribution is any
member of a family of continuous probability distributions
that arise when estimating the mean of a normally-distributed
population in situations where the sample size is small and the
population's standard deviation is unknown. In the table I, one
can see that for a given confidence interval, the more you have
samples or tests, the more your confidence interval can be
reduced (small values of k).

TABLE |

STUDENT’S TABLE: K VALUES AS A FUNCTION OF THE CONFIDENCE INTERVAL
AND THE NUMBER OF TESTS

Confidence
NumberJatervall 90,026 95.0% 98.0% 99.0% 9.9%
of tests
2 631 12.71 31.82 63.66 636.58
3 292 4.30 6.96 9.92 31.60
4 235 318 454 5.84 12.92
5 213 278 375 4.60 861
6 202 257 336 4.03 6.87
7 1.94 245 3.14 371 5.96
8 1.89 236 3.00 3.50 541
9 1.86 231 2.90 336 501
10 1.83 2.26 2.82 3.25 478
11 1.81 2.23 2.76 3.17 459
13 1.78 218 268 3.05 432
15 1.76 2.14 2.62 298 4.14
18 1.74 211 257 2.90 397
21 1.72 2.09 253 285 385
i3} 1.70 2.04 246 275 365
. 1.68 202 | 242 27 | 355
51 1.68 201 2.40 268 | 350
101 1.66 1.98 2.36 263 339
100001 1.64 1.96 233 2.58 3.29




IVV. APPLICATION

We have applied this method to obtain the model of the 96
MVA auxiliary transformer (410 kV / 6.8 kV) which is in
operation in all the 1300 and 1450 MW French nuclear power-
plants. The basic model of this three-phase power transformer
(Ynd11), established with the method explained in section II,

is given on the table I1.
TABLE Il
CHARACTERISTICS OF THE 96 MVVA AUXILIARY TRANSFORMER

Characteristic Value

Three-phase rated Power Sn =96 MVA

EHV | HV Voltage Vi=410N3 kV[V2=6.8 KV

Primary-side | Secondary- |\ | _ 4 5101 H | L, = 1.28 104 H
side Inductance

Primary-side | Secondary-

- - -3
side Resistance R1=311Q|R2=2.43x10°Q

Core-Losses Resistance Rimag = 1.64 x10° Q

i ®
0.33A 959.03 Wb
Saturation curve 1.66 A 1065.59 Wb
established from the no- 26 A 1118.86 Wb
load test 458 A 1172.14 Wb
7.70 A 1225.42 Wb
236 A 1278.70 Wb

Air-core inductance 1.115H (0.2 p.u.) + 20%

Since the 2000’s, about twenty switching on site tests have
been performed on different 1300 and 1450 MW power-
plants. The measurements recorded during these tests were
processed. Among these tests, nine switching led one or more
phases to saturation (table I11).

TABLE I

RESULTS FOR THE 96 MVVA AUXILIARY TRANSFORMER
Date Mgﬂi)gtrinz:[[ri]on Maximum Lsat (H)

¢ Corrent (a) | Flux(Wb)
2001 415.3 1659.7 8.86E-01
2003 456.6 1649.2 8.31E-01
2008 407.0 1621.9 8.07E-01
2009 452.8 1680.5 8.32E-01
2012 3334 1567.3 8.24E-01
2013 408.3 1632.0 8.26E-01
2013 557.8 1712.6 8.28E-01
2014 680.2 1865.3 8.39E-01
2014 870.5 2022.3 8.25E-01

The histogram on Fig. 14. shows the distribution of the Lsa
calculated values.
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With the air-core inductance given by the manufacturer
(table 1), we could estimate that the saturated inductance is

within:
L,,=0.959 £0.223 H

From these 9 tests, we finally obtain the following 95%
prediction interval for the saturated inductance:

Lye=0.833 £0.053 H | or |L,=0.833+6.3%

This method gives us a more precise estimation of the
saturated inductance of the transformer. Furthermore, we can
establish three saturation curves by taking into account the
uncertainties [14] depending on the number of the studied
switching. These three curves can be built from:

- the no-load test points,

- the saturation flux (that gives the level over which the

magnetic circuit is linear)

- the low, mean and high values of the current measured

at the saturated flux

- the low, mean and high values of the saturated

inductance

These curves are plotted on Fig. 15. with the cloud of the
points obtained from the tests measurements. We can observe
that these curves provide a much more precise approximation
of the real behavior of the transformer at saturation than the
theoretical curve built from the no-load tests points and the
air-core inductance given by the manufacturer (blue curve).

In order to better visualize the difference in slopes, the
theoretical curve is also plotted using the minimum value of
the saturated inductance computed from the field tests (orange
curve).
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Fig. 15. Saturation Curves computed from 20 switching tests performed
between 1999 and 2018 on a 96 MVA auxiliary transformer

In a particular case, we have simulated the switching of this
transformer using the saturation curves shown in Fig. 15. We
can see in Fig. 16. how much the saturated inductance and the
saturation starting point can affect the peak values of the
inrush current and the phase-to-phase overvoltage.
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Fig. 16. Switching of a 96 MVA auxiliary transformer : Peak values of the
inrush currents and the phase-to-phase voltage computed respectively with the
theoretical curve n°l (blue curve), the theoretical curve n°2 (orange curve)
and the low curve computed from fields tests measurements (red curve)

The transient overvoltages computed in this case are very
sensitive to the saturation curve used. One can note that the
current peak is 9% lower and the overvoltage peak is 4%
lower with the identified curve. Therefore the transient
currents and voltages are less restrictive for the electrical
devices.

V. CONCLUSIONS

The developed method allows to take advantage of the
measurements carried out during switching tests made on
power transformers.

Despite its limitations (non-representation of the
magnetizing linkage, the frequency dependent losses and the
asymmetry of the three phases), this original method and the
relatively simple resulting model presents many interests to
simulate low frequency transients (below 1 kHz).

For transformers that have already been switched on
regularly, such as the auxiliary transformer of the French 1300
MW and 1450 MW power-plants, it offers a better knowledge
of the transformer's behavior at saturation and allows the
creation of much more realistic and less conservative models.
Inrush currents and overvoltage estimations can be therefore
much less pessimistic and give a better idea of the real risks
taken during the switching operation of the voltage recovery
schemes.

For the other transformers, for which the risk analysis is
performed using the conservative theoretical model, each
future switching tests will improve the model that will become
more and more representative.

In the future, this method could be adapted to a model that
better represents the distribution of the leakage inductance
between the two windings and the frequency dependence of
the losses.
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