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Abstract-- This paper deals with damping modeling for 

transformer energization studies for system restoration purposes. 
A review of some of the literature recommendations for these 
studies is presented. Then, several damping models for 
generators, lines and transformers are benchmarked by means of 
simulation vs. field test measurements comparison. 

For the field test case considered, results show that simple 
models are as accurate as the more sophisticated frequency-
dependent ones. A technique for automatized benchmark has 
been used that could be applied to other field test cases in order 
to draw general conclusions. 
 

Index Terms-- Power system transients, Power transformers, 
Power system modeling 

I.  INTRODUCTION 

A.  Power System Restoration, Transformer Energization and 
Temporary Overvoltages 

FTER a complete or partial blackout, power system 
restoration involves energizing no-load transformers, 

either transmission system transformers or auxiliary 
transformers of power plants.  

On the one hand, in system restoration circumstances, 
energization is done from a weak network (i.e., made of few 
available power plants, few long transmission lines, poorly 
meshed) with little or no load; thus the network has high 
harmonic impedance at low frequencies and little damping. On 
the other hand, transformer magnetizing inrush current can be 
very high, reaching values as high as several times the rated 
current, and contains low frequency harmonics. As a 
consequence of these two factors, harmonic temporary 
overvoltages can appear and damage network equipment 
[1][3][4].  

These Temporary Overvoltages (TOV) are low-frequency 
(below 1 kHz), long duration (up to several seconds) and 
weakly damped voltage waves [5]. Since TOV withstand 
capability of equipment is a function not only of amplitude but 
also duration of the stress [6], correct representation of 
damping is a critical parameter in simulation studies. On the 
one hand, overdamping modeling gives underestimated 
constraints, what could lead to equipment damage. On the 
other hand, underdamping modeling overestimates constraints 
and therefore can lead to oversizing protection systems or to 
unduly forbid specific operation schemes. 

B.  Making Modelling Choices: Literature 
Several international working groups have established 

recommendations on modelling each of the network 
components in TOV studies [7][8][9][10].  

Nevertheless, engineers have often to deal with multiple 
choices. In some cases, several models are available for some 
network components, in spite of their different degree of 
complexity; the simpler but accurate enough model should be 
chosen. In other cases, available data don’t permit the 
implementation of recommended models. 

For instance, whereas an important effort has been made in 
transformer modelling to develop topologically correct core 
models necessary for specific studies like ferroresonance 
[11][12], many usual network configurations might be studied 
with simpler models not taking into account the real core 
topology of transformers [10] (§II.A). Compared to the later 
model, the former needs more data, not always easily 
available, and its implementation is more time-consuming. 
Thus, it is important for the engineer to make the good choice. 

Similarly, whereas in some cases automatic voltage 
regulation (AVR) has to be modelled, [7] (§4) states that its 
effect is not important in general. Again, the engineer needs to 
make the good choice depending on whether AVR is 
important or not in the studied case. 

C.  Validating Modelling Choices: Field Tests vs. Parametric 
Simulations 

A particular study involves making good modelling 
choices, those that provide enough accuracy with the least 
complexity. These choices are made by taking into account 
literature generic recommendations and previous experience in 
similar cases.  

Nevertheless, only field tests of the studied configuration 
can provide a final validation of modelling choices. 
Comparison between field measurements and simulation 
results will say if selected models are accurate enough to 
reproduce involved physical phenomena. 

This comparison, though, is not an easy task. Many 
network parameter values can be unknown or known with 
some uncertainty. And depending on the physical phenomena 
involved, simulation results can be very dependent on values 
assigned to these parameters. 

In transformer energization studies, critical parameters 
roughly known include, among others, high saturation 
characteristic and residual fluxes of transformers, circuit-
breaker switching times, upstream network harmonic 
impedance [8]. For instance, a 10% variation of the final slope 
of the saturation curve of a transformer can lead to totally 
different inrush currents and thus totally different harmonic 
overvoltages. 

The effect of parameter value uncertainty has to be taken 
into account when comparing field measurements to 
simulation results. Not doing so, wrong conclusions could be 
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drawn because model effects would be mixed with parameter 
value effects. For instance, a model could show a good 
agreement with measurements only for a specific (arbitrarily 
chosen) set of parameter values, but not for others. 

Thus, in order to draw conclusions from measurements vs. 
simulation comparison, one needs to assess the sensitivity of 
the agreement to parameter values. This paper presents a 
technique to do so. 

D.  This paper: some standard models compared to field 
measurements 

In this paper we compare performances of some usual 
models in transformer energization studies, paying special 
attention to damping modelling (which is, as we have seen, a 
key factor of TOV effects). These models are compared to 
field measurements for a real test case through a technique 
that takes into account the problem of the sensitivity of the 
agreement to parameter values. 

II.  FIELD TEST CASE 
Field test configuration used to benchmark models is 

represented in Fig. 1. The auxiliary (UAT) and the main 
(UMT) transformers of a power plant unit are energized 
simultaneously.  

Unit auxiliary transformer is a three-phase three-winding 
58 MVA – 24/6.8 kV, Ydd11. Unit main transformer is made 
of 3 single-phase units 3x360 MVA – 225/24 kV, Yd11 
connected. 

Upstream network is made up of the sending plant, 
including a generator and a step-up transformer, a 48.5 km 
400 kV overhead line and a 3x357 MVA – 400/225 kV 
autotransformer (AT). This AT has been energized before the 
energization of UMT+UAT. 

Power frequency is 50 Hz. Measurements include voltages 
and currents at the HV side of the UMT terminals. Maximum 
peak current measured was 2200 A. No significant 
overvoltage was recorded. 

Upstream network seen from target UMT transformer has a 
parallel resonance at 500 Hz. 

III.  BENCHMARKED MODELS 
Network elements to be modelled are: the generator, the 

line and the transformers. For each element, several standard 
models, easily accessible in EMTP-like programs, are 

benchmarked. The circuit breaker is modelled by three ideal 
switches. 

A.  Generator models 
Three different models are benchmarked for the 

synchronous generator of the sending power plant.  
First, a “static model” consisting in a voltage source behind 

the substransient inductance of the generator, L’’
d [14] (§8). A 

resistance is added to this representation in series with the 
inductance, whose value leads to two possibilities. In the first 
generator model, this resistance is calculated to represent 
subtransient time constant, T’’

d. We are noting this resistance 
R’’

d. 
In the second generator model, the resistance of the “static 

model” represents armature winding resistance, Ra [15].  
Thirdly, a “dynamic model” representing Park’s equations 

and thus able to represent subtransient, transient and 
synchronous behaviour of the machine [14] (§8).  

It has to be emphasized that none of the three models 
includes voltage regulation. 

On the one hand, the “dynamic model” accounts for 
frequency dependency of generator inductance, whereas 
“static models” do not. Reference [7] (§4) acknowledges both 
static and dynamic models.  

On the other hand, first and second models differentiate in 
their resistance value. The ratio between R’’

d and Ra is about 
10. This means that generator contribution to global damping 
will be very different depending on which static model is used. 

B.  Overhead-lines 
Two line models are benchmarked: cascaded PI-sections of 

constant lumped parameters calculated at power frequency, 
and frequency dependent distributed parameter model (EMTP 
“FD model”) [16][14]. Reference [7] (§4.1) acknowledges 
both of them.  

For TOV studies, the main difference between the two 
models is frequency-dependent losses. Indeed, higher losses 
due to harmonic currents in overhead lines could have a 
significant impact on the overall damping. 

C.  Transformers load losses as a function of frequency 
All the transformers are modelled by means of single-phase 

star-equivalent circuits, i. e., the EMTP Saturable Transformer 
Component [10]. Winding resistances and leakage inductances 
are calculated from standard short-circuit tests [17] (§III.B) 
assuming they are equally shared between the windings for 
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Fig. 1.  Field Test Case 
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two-winding transformers [14] (§6.2). When DC winding 
resistances are available, they are used to determine the real 
resistance ratio between windings [13] (§II.A). 

Non-linear saturation core characteristic is included, 
constructed from the no-load factory tests (for the knee point) 
and the air-core reactance provided by the manufacturer [17]. 
Core losses are modelled by a constant resistance obtained 
from the standard no-load test, a model good enough below 
1 kHz [22]. 

Auxiliary transformer (UAT) is a three-phase unit (one 
single core) but delta secondary windings allow an equivalent 
single-phase modelling [11] (§II.D) [14] (§6.2). 

Winding resistances are modified in order to include 
frequency dependent load losses, as explained below. 

Energization magnetizing currents can be as high as several 
times the rated current of the transformer. These currents 
contain rich low frequency harmonics. Load losses are due to 
this current and they are frequency-dependent. Thus, care has 
to be devoted to load losses modelling when dealing with 
transformer energization studies [7] (§4.2). 

 
Load losses are due to eddy currents and skin effect in 

windings, and to stray losses [18][19]. These losses are 
proportional to square of the windings currents; hence they 
can be modelled by the winding resistances. Frequency 
dependence of these resistances can be expressed as [17]: 

n

ACDC f
fRRfR ⎟⎟
⎠
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⎝

⎛
⋅Δ+=

0

)(                            (1) 

where f0 is the power frequency. 
In order to easily include frequency dependent load losses, 

parameters of expression (1) need to be determined for each 
transformer: RDC, ΔRAC and n. We present here a simple 
method for this task. 

Reference [21] provides winding time-constants as a 
function of frequency for several transformer’s rated power 
values; assuming a constant leakage inductance in the TOV 
frequency range, winding resistance can therefore be 
calculated as a function of frequency, R(f). These values could 
then be used to determine RDC, ΔRAC and n in expression (1). 

But we will be using a simpler method. Winding 
resistances at power frequency, R(f0), are known from 
standard short-circuit factory tests (see above). Sometimes, 
DC winding resistances, R(0)=RDC, are also known. Then, 
these two values of R(f) allow to fit expression (1) provided an 
assumption is made on the value of parameter n. Reference 
[17] suggests that the factor n is between 1.2 and 2, whereas 
[20] puts n=2. Here we will be using this method assuming 
n=2. 

Three load loss models are benchmarked. First, a power 
frequency (50 Hz) losses model, where winding resistances 
are constant and calculated from standard short-circuit tests.  

Second, a frequency-dependent load loss model, where 
winding is modelled by a 1 cell Foster equivalent [19], shown 
in Fig. 2, that fits expression (1) with n=2 (Lp takes leakage 
inductance value). 

+
Rs

+
 Rp

+  
Lp

 
Fig. 2.  Foster 1 cell equivalent 

 
Third, an averaged constant resistance model, where 

winding resistance is constant but increased to account for 
greater losses due to harmonics; here, resistance is calculated 
as follows:  

)(1.0)(9.0' 0 rfRfRR ⋅+⋅=                    (2) 
where f0 is the power frequency (50 Hz), fr is the first positive 
sequence resonance frequency of the upstream network (here, 
500 Hz), and R(f) is calculated with (1). 

IV.  BENCHMARKING METHOD 

A.  Network models 
For each element of the network, we have several 

alternative models: 3 for the generator losses/dynamics, 2 for 
line losses, 3 for transformer load losses. Thus, there are 
3x2x3=18 possible network modelling schemes which have to 
be simulated and compared to measurements. 

B.  Statistical network parameters 
However, managing real test measurements makes it more 

complicated. As stated before, simulation results can be very 
sensitive to some parameters of the field test network that are 
not known precisely. Benchmarking method has to be able to 
differentiate two types of discrepancies between simulation 
and field measurements: those due to a bad model and those 
due to bad parameter values. Thus, these parameters cannot be 
assigned deterministic values. Instead, they are statistical 
parameters that are assigned several values within their 
accuracy range. 

Statistical network parameters taken into account are the 
following: 

• Saturation curve of transformers is built up from 
manufacturer approximate data. The main 
parameter of these curves is air-core inductance. 
Besides manufacturer value, L0, this parameter is 
assigned two other values at ± 10 %. 

• Residual flux at energized transformers, 
UMT+UAT. Residual flux is calculated by 
integrating UMT voltage at disconnection prior to 
energization. As voltages are noisy, the result of 
this calculation is not supposed to be exact. 
Besides the integrated values, two other values are 
considered at ± 0.1 pu. 

• Closing times of the circuit breaker. They are 
determined by examination of measurements of 
voltages and currents. As the exact time of closing 
can have a big influence on simulation results, 
calculated closing times are supposed to be known 
with a 1.5 ms accuracy. For each phase, besides 
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the calculated values (ti , i=A,B,C), two other 
values are considered : ti±0.75 ms and ti±1.5 ms. 
Thus 125 closing times combinations are 
considered. 

Finally, the total number of simulations to be performed 
and compared to filed measurements is obtained from the 
combination of network elements models to be benchmarked 
(18) and the network parameters values to be considered: 
18x3x3x125=20250 simulation cases. 

C.  Criteria for automated simulation-versus-measurement 
comparison 

Obviously, the simulation of the 20250 possibilities and 
subsequent comparison to field measurements cannot be done 
manually but has to be automated.  

For this, each simulation corresponding to a combination of 
models and network parameters is assigned a single figure that 
characterizes its agreement with the field measurements, i. e., 
each simulation case is assigned a “distance” between 
simulation and measurement: thus, for a given simulation 
case, the minor the distance value, the better the agreement 
with the measurements. 

This distance can be calculated in many ways depending on 
the data type used in the comparison (voltages, currents, or 
both) and the mathematical treatment given to the data (raw 
data versus time, frequency-spectrum analysis…).  

Concerning data type, we will be using line currents at the 
HV terminals of the target UMT, for three reasons. Firstly, 
recorded voltages do not contain much meaningful 
information because no significant overvoltage occurred in our 
field test. Secondly, harmonic overvoltages due to transformer 
energization are very dependent on upstream network 
parameters that determine the impedance-vs-frequency 
characteristic, Z(f): i. e., for similar inrush currents, little 
differences between real and modelled Z(f) characteristic 
could lead to big differences in resulting overvoltages. 
Thirdly, our concern here is to evaluate damping modelling, 
and that can be assessed by current analysis, thus avoiding 
problems of voltage analysis. 

Concerning the mathematical treatment given to data 
before comparison, we will be using envelopes instead of raw 
current-vs-time data. Envelopes are defined by local maxima 
and minima in a 10 ms sliding window. Since our concern is 
on damping modelling, envelopes contain all the desired 
information. This way we avoid problems of raw data-vs-time 
comparison, where little phase-angle differences between 
compared curves can lead to big differences in point-by-point 
distance calculation (see below). 

Finally, the distance is defined as the mean root square of 
the sum of the point-by-point quadratic differences, as 
follows. For a given simulation curve, the envelope of the 
inrush current in each phase is calculated, is,k (k=a, b, c). The 
same is done for the measured currents, im,k. For phase k, the 
distance between one simulation case and the field 
measurements is calculated as: 

2
,
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, )(1
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=
                         (3) 

where n is the number of points of the curve. Then, the single 
figure characterizing the simulation case is calculated as the 
mean value for the three phases: 

( )IcIbIa dddd ++⋅=
3
1

                             (4) 

Current envelopes are calculated for the first 1.5 s after 
energization (afterwards, currents are below the sensitivity 
threshold of the measuring equipment). 

A MATLAB program has been implemented to manage the 
whole process: building up the input files for EMTP, 
launching the simulations, recovering the output results, 
calculating the distances and drawing the figures for analysis. 

V.  RESULTS 
The automated algorithm provides the user with an array of 

20250 distances. This array permits to assess the effect of a 
network model on the agreement between simulation and field 
measurements.  

It also permits to evaluate the effect of statistical network 
parameter values. Because we are interested in network 
models performance and not in statistical network parameters, 
we first need to discard all values that lead to a bad agreement. 

A.  Discarding bad network parameter values  
As explained before, statistical network parameters are 

transformer air-core inductance (3 values), transformer 
residual flux (3 values) and circuit-breaker switching times 
(125 values).  

Fig. 3 shows the distance distributions for the 125 circuit-
breaker switching times. Each curve corresponds to a given set 
of 3-phase switching times. The figure has no legend because 
of the number of curves and because we won’t be dealing with 
specific switching times. 

Some general explanation is needed here about these 
distance distributions. Each curve in Fig. 3 corresponds to 
those elements of the distance array associated to simulation 
cases where that switching time has been used. Thus, each 
curve contains 20250/125=162 points.  

Each point of a given curve corresponds to the distance 
between field measurements and a particular combination of 
network models and statistical network parameters. I. e., each 
point of a given switching time curve correspond to the 
distance obtained with that switching time and with a 
particular generator model, a particular line model, a particular 
transformer losses model, a particular air-core inductance 
value and a particular residual flux value. 

The left-most point of each curve gives the minimum 
distance, i. e. the best simulation/measurement agreement one 
can obtain with that particular switching time.  
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Fig. 3.  Distance distributions for CB switching times 

 
One can see in Fig. 3 that minimum distances vary between 

50 A and 300 A. Switching times leading to big minimal 
distances can be discarded for the rest of the analysis: the poor 
agreement they provide means that they are far from real 
switching times. 

Here, we discard switching times leading to distances 
bigger than 120 A, this is, 27 switching times out of 125. The 
98 switching times left are associated to a more or less good 
agreement, so one cannot discriminate between them. The 
distributions of this set are shown in Fig. 4. 
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Fig. 4.  Distance distributions for selected CB  

switching times 
 

The same analysis is made with distance distributions of 
each residual flux, shown in Fig. 5. 
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Fig. 5.  Distance distributions for residual flux values 

 
One of the residual flux values leads to much bigger 

distances than the other two. Nevertheless, minimal distances 
obtained with the three residual flux values are near, as shown 
in the zoom in Fig. 6, thus one cannot discard any of the 
values. 
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Fig. 6.  Distance distributions for residual flux values 

(zoom) 
 
Finally, Fig. 7 shows distance distributions obtained with 

the three air-core inductance values. One can see that 
distances obtained with high air-core reactances (L0+10%) are 
always higher that distances obtained with medium (L0) or low 
values (L0-10%). But the difference does not seem big enough 
to discard any air-core reactance value. 
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Fig. 7.  Distance distributions for transformers  

air-core inductance (zoom) 
 

B.  Network models performance 
Network elements for which several models are 

benchmarked are the generator, the overhead-line and the 
transformer load losses. 

 Distance distribution for the three generator models is 
shown in Fig. 8, with a zoom in Fig. 9. One can see that the 
static model with Ra (labeled “Ra”) and the dynamic model 
(Park’s equations) (labeled “SM”) lead to similar agreement, 
respective minimum distances being 49 A and 59 A. The static 
model with R’’

d (labeled “R’’d”) leads to a bigger distance 
(83 A), thus worse agreement between simulation and 
measurements. 
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Fig. 8.  Distance distributions for generator models 
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Fig. 9.  Distance distributions for generator models 

(zoom) 
 

Fig. 10 shows, for one phase current, the envelopes of the 
field test measurement and of the best simulation cases for 
each of the three generator models. One can see that 
agreement is very good with the Ra static model, fairly good 
with the SM model and quite bad with the static R’’

d model. 
Nevertheless, this figure is just illustrative, as agreement is 
different for the other two phases.  
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Fig. 10.  Envelopes of field-test measurement and best 

simulation case with each of the three generator models 
 

The effect of generator inductance uncertainty was also 
analyzed. With the static Ra model, three values were 
compared: the nominal value used before, Lg, and two other 
values at ±15%. Fig. 11 shows the obtained distributions, 
where no significant difference is observed. Little variations of 
generator inductance can be of great importance when 
resonance occurs, but that did not happen in our field test case, 
where no resonant overvoltage was recorded. 
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Fig. 11.  Distance distributions for three generator 
subtransient inductance values (static Ra model) 

 
Concerning overhead-line modeling, Fig. 12 shows that 

there is no significant difference between the two models: PI 
cells calculated at power frequency (50 Hz) and the frequency-
dependent line model lead to a similar agreement, minimum 
distances being 49 A in both cases. 

0 10 20 30 40 50 60 70 80 90 100
0

100

200

300

400

500

600

700

800

Simulation cases (%)

D
is

ta
nc

e 
(A

)

 

 

FDline
PI50

 
Fig. 12.  Distance distributions for line models 

 
 

Finally, Fig. 13 shows distance distributions associated to 
the three transformers load-loss models. Clearly, the model 
where winding resistances are constant but increased to 
account for bigger losses due to harmonics (labeled “R-
avg(f0,fr)”) is very poor compared to the other two models. 
Indeed, the zoom on Fig. 14 shows that best agreement with 
this model leads to a distance of 132 A, whereas the other two 
models lead to a distance of 50 A. 

Furthermore, this figure shows that there is no clear 
advantage in using the Foster equivalent (labeled “R(f)-
Foster”) compared to the power frequency loss model (labeled 
“R-f0”). Of course, the performance of a frequency-dependent 
loss model can be improved by means of a better expression 

R(f) and/or a better fitting and/or a better equivalent (for 
instance, a 2-cell Foster circuit). But that would demand more 
data and/or would be a more complex and time-consuming 
task. 
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Fig. 13.  Distance distributions for  

transformer load-loss models 
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Fig. 14.  Distance distributions for  

transformer load-loss models (zoom) 
 
Fig. 15 shows the envelopes of the field test measurement 

and the best simulation cases obtained with each of the three 
transformer load-loss models. This figure is illustrative of the 
results obtained with the distance distribution analysis. In 
particular, one can see that the “R-avg(f0,fr)” model, because 
of the big losses it introduces, leads to a very bad agreement. 
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Fig. 15.  Envelopes of field-test measurement  

and best simulation case (transformer load-loss models) 

VI.  CONCLUSION 
This paper deals with damping modelling for transformer 

energization studies. A review of some of the literature 
recommendations for these studies has been presented. Several 
damping models for generators, lines and transformers have 
been benchmarked by means of simulation vs. field test 
measurements comparison. Model benchmarking method 
takes into account network parameters inaccuracies in order to 
be able to discriminate the effects of models from the effects 
of parameter values. 

Results show that: a) A simple static generator model 
containing an ideal voltage source can be as accurate as a 
dynamic model implementing Park’s equations; b) Cascaded 
PI cells with constant parameters lead so similar results than 
frequency dependent line models; c) Transformer power-
frequency losses can be a good approximation of losses during 
the inrush transient.  

Nevertheless, these results are only indicative and cannot 
be generalized. Indeed, despite of the benchmarking method 
taking into account parameter inaccuracy, other network 
configurations could lead to different phenomena (like 
different current spectrum) and thus to different results.  

In order to achieve general conclusions, the same 
benchmarking technique should be used with other field test 
cases, especially with different network configurations (e. g., 
longer overhead-lines, higher inrush currents…).  
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