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Abstract—Installing wireless Intelligent Electronic Devices
(IED) for Substation Automation (SA) requires a thorough study
of the electromagnetic radiations coming from the power equip-
ment. In our previous work, we have performed a measurement
campaign within several substations working under different
voltages and we have recorded around 120 sequences of impulsive
noise samples in the 700 MHz - 2.5 GHz band. In this paper,
we present a method to classify substation impulsive noise in
order to characterize a representative Radio Frequency (RF)
environment of substations for specific substation voltages. The
main contribution of this work is to provide representative
impulsive noise characteristics in order to calculate parameters
for impulsive noise models and to improve the characterization of
substation RF noise. To reach this objective, we classify impulsive
noise characteristics, such as the impulse amplitude, the impulse
duration and the repetition rate for substations under 25 kv,
230 kV, 315 kV and 735 kV. By using the impulsive noise
characteristics, we estimate representative parameters for two
impulsive noise models: the Middleton class-A (MCA) and the
Bernoulli-Gaussian with memory (BGM).

I. INTRODUCTION

Impulsive noise in substations remains problematic for
Electro-Magnetic Compatibility (EMC) and communication
systems such as wireless communications and power line
communications (PLC). The emergence of smart grid requires
more information about impulsive noise in substations, es-
pecially for projects aiming to deploy Intelligent Electronic
Devices (IED) for controlling and monitoring substations
equipment. Wireless technology would simplify the installa-
tion of IEDs within substations, without requiring expensive
retrofitting. Moreover, the improving of wireless technology
makes it a serious candidate in terms of coverage, delay and
throughput.

However, substations host a RF noise, called impulsive
noise, that remains a major threat for wireless communications
since the power spectrum of the impulses is significant enough
to be detected by wireless receivers working in the 700 MHz-
2.5 GHz band [1], [2]. Installing classic wireless systems
within substations could result in data errors, delays and
communication interruptions. In substations, impulsive noise
is mainly due to electrical partial discharges and Corona
effect [2], [3], which are electrical discharges occurring in the
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insulator of power equipment [3]—[8]. The insulator can be the
ambient air around power lines, the transformer oil or the gas
within power equipment. Impulsive noise in substations can
be considered as the electromagnetic observation of partial
discharge and Corona noise, therefore the phenomenon is
dependent on the voltage of the equipment where the discharge
occurs. The weather, the humidity, solar radiations or even
aging of insulators can alter the characteristics of impulsive
noise at a precise location. For example, for a same location,
we can measure impulsive noise with 10 times more impulses
and with a 20% increasing of amplitude than the day before.
Electrical operations, such as switching and circuit-breaking
occur within substations and they are also source of impulsive
noise.

Substations usually work under different voltage levels and
we have observed in our previous works [1], [2] that impulsive
noise characteristics change with the voltage level of the
equipment. The impulsive noise become more significant in
terms of impulse amplitude and repetition rate when the
voltage of the power equipment is large.

During our measurement campaign in Hydro-Québec power
substations, we have collected electromagnetic noise se-
quences among different voltage areas (25 kV, 230 kV, 315
kV and 735 kV). Each measurement sequence contains 256
millions of noise samples, which represents a time window
of 51.2 ms with a sampling frequency of 5 Giga-Samples
per second (GS/s). The measurements are performed in the
Industrial, Scientific and Medical (ISM) band: 700 MHz -
2.5 GHz [2], which contains many existing wireless carrier
frequencies.

Different models exist to represent communication channels
impaired by impulsive noise and we propose to study two
very common models: the Middleton Class-A (MCA) and
the Bernoulli-Gaussian with memory (BGM). MCA represents
impulsive noise with i.i.d samples, while BGM is a sample-
correlated model that represents impulses with bursts of sam-
ples.

In Section II, we present impulsive noise in power sub-
stations and we introduce the two models MCA and BGM
to represent such a noise. In Section III, we present our
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Fig. 1. Impulsive noise in a 735 kV substation.

measurement campaign and the method that we use to classify
impulsive noise characteristics, such as the impulse amplitude,
the impulse duration, the inter-arrival times (IAT), given the
voltage levels of power equipment within the visited substa-
tions. Finally, in Section IV, we show the parameters for the
two models and for different voltage of substation; we also
provide an example of the waveform that the models can
generate with our parameters.

II. IMPULSIVE NOISE AND MODELS
A. Impulsive noise in power substations

As we have mentioned in the introduction, impulsive noise
is dominant in power substation. This particular RF noise
is basically represented by a process that switches from a
background noise (usually Gaussian) to another noise, that is
represented by an impulse. The samples within an impulse
are correlated and they shape the impulse with a damped
oscillation waveform (Figure 1). In order to simplify the study
of impulsive noise, we introduce, in this paper, the impulsive
noise characteristics:

o The impulse sample values are the samples that belong

to an impulse;

o The impulse amplitude corresponds to the largest sample,
in absolute value, of the samples that belong to an
impulse;

o The impulse duration is the time between the first and
the last sample of an impulse;

o The repetition rate represents the number of impulse per
second. It is directly related to the Inter-Arrival time
(IAT), which is the duration between two consecutive
impulses.

Impulsive noise can be represented by different models that
provide samples with distributions more or less similar to
the measured samples. The implementation of correlation

between the samples is another aspect that can ensure a better
representation of the impulsive noise process. We propose to
provide parameters for classic existing impulsive noise models,
such as Middleton class-A (MCA) [9] and Bernoulli-Gaussian
with memory (BGM) [10], [11].

B. Middleton class-A

Middleton proposes three models that suit specific commu-
nication scenarios, where the impulsive noise is supposed to
be series of waves defined by its amplitude and duration 77
at the input of the receiver [9].

Moreover the three models assume the following conditions:
First, the noise sources are independent. Secondly, there are
an infinite number of impulse sources that disturb the
communication. Finally, the three models represent impulsive
noise at a narrow-band receiver. We call the receiver
bandwidth Ay, .

We present below the three models [12]:

e The Class-A model (MCA) represents impulsive noise
when the noise band is narrower than the receiver band.
The impulse last much longer than the transient decay
period at the input.

TiAp, > 1 (1)

MCA model is very general and it can be used to rep-
resent interferences coming from other communications,
electromagnetic emission from machinery, or from power
lines.

o The Class-B model, on the contrary, assumes that impul-
sive noise has a band larger than the receiver bandwidth.
The impulse emission duration is negligible compared to
the transient decay period.

TiAg, <1 )

This model characterizes impulsive noise coming from
other communications, EM clutter and automobile igni-
tion [12].

o The Class-C is more general and this model assumes the
environment to be a mix of class-A and class-B noises.
Class-C has the same criteria in terms of noise-to-receiver
band ratio than Class-B model.

TiAg, <1 3)

We prefer to study the class-A model for representing
impulsive noise in power substation because it is applicable
for interferences coming from power lines and the model
requires only three parameters that can be estimated from
measurements with different methods [13], [14]. Moreover,
the measurement campaigns in [5], [6] show that the impulses
can last 1us, which is dominant compared to a 20 MHz
Wi-Fi bandwidth, for example.

MCA model considers that the noise sources are distributed
according a Poisson distribution and that each source generates



a Gaussian noise. The pdf f(z) of the sample value at the
receiver is
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respectively the impulses magnitude and their occurrence rate.

o We call A the impulsive index and it characterizes the
impulses occurrence [12]. This parameter is equal to

A=pT 5)

With p the number of impulses by second (or repetition
rate), and T is the mean duration of the impulses.
A small impulsive index implies that the impulses are
not dominant compared to the background noise. For
example, if the impulsive noise has few impulses or/and
very short impulses, then A will have a small value.
On the other hand, a large impulsive index implies that
the impulses are noticeable compared to the background
noise, and the more it increases, the more impulsive noise
becomes Gaussian.

e We call I' the Gaussian to impulsive noise ratio and
it characterizes the power of the impulses [12]. T' is
the ratio of the background noise power by the impulse
power.
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The smaller the Gaussian to impulsive noise ratio is
and the stronger the impulses are, compared to the
background noise [12].

o The parameter o2 is the “noise power” (impulse and
background noise samples), such as 02 = O’é + o2

e 02, is the variance of the m'" impulsive source. For m =
0, the model generates the amplitudes of the background
noise.

C. Bernoulli-Gaussian with memory

The Bernoulli-Gaussian model is certainly the simplest way
to represent impulsive noise since it is a mixture of two
Gaussian generations of samples ruled by a single Bernoulli
probability [11], [15]. The probability density function of the
samples f(x) for this model is
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In general cases, one Gaussian distribution characterizes the
background noise and the other one, the impulses. The concept
of this model is simple because it assumes there is only one
source of impulsive noise that generates i.i.d. impulses for a
one-sample duration; also the mean of the background noise
and the impulses are assumed to be null. According to (7), the
model needs only three parameters, which are the background
noise variance 08, the impulse variance o%, and the Bernoulli

probability A (the probability to be in an impulsive state is
1 — ). The model can also be represented by a Markov chain
with two states (State O for the background noise and State
1 for the impulse in Figure 2), with the following probability

matrix:
A 1—A
T:(/\ 1)\>

State 1:

oo 1

State 0:
N(O,Unz)

Bernoulli-Gaussian model (no memory) represented by a Markov

Fig. 2.
chain.

Even if this model does not generate impulsive noise like
observations made in power substation, it can represent the
impulses occurrence with their sample values. However there
is only one source to generate the impulse samples, while
there are an infinite number of sources for the MCA model.

In order to make the Bernoulli-Gaussian model close to
measurements, we decide to implement the noise process with
some memory:

+ We implement memory to the Markov chain by selecting
different transition probabilities (Figure 3) to generate
a “burst of impulses” [11], [16], which is basically a
sequence of impulse samples for a specific duration.

State 0:
N(0,00°)

State 1:
N(0,0,)

Fig. 3.

Bernoulli-Gaussian model with memory.

e We could also add more impulsive noise sources. This
modification would require more parameters, such as
the impulse variances and the probabilities to transit
from the background noise to the impulse. Also, the
Bernoulli-Gaussian pdf f(x) should become a mixture
of N Gaussian distributions.

mzo \/ 271'02

= 1. This possible modification is just a
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N-1
with > A,

m=0
recommendation; we will limit our work to a BGM model

with one source of impulse.



To summarize, the BGM model is a two-state Markov chain,

where each state is associated with a zero-mean Gaussian
distribution; one state represents the background noise and the
other state represents the impulse. The integration of memory
by using a Markov chain allows the replication of the impulse
duration and impulse amplitude; however, the waveform of
the impulse is not a damped oscillation, but a sequence of
Gaussian noise with a variance greater than the background
noise variance. Such a model can be implemented in receivers
that use the memory of the model in order to mitigate the
impact of impulsive noise [16].

III. MEASUREMENT CAMPAIGN: CLASSIFICATION OF
IMPULSIVE NOISE INFORMATION

A. Impulse classification

With more than 120 noise sequences, we are able to provide
all the information required for estimating the parameters of
each model and for four voltage levels. We summarize here the
method used to classify the impulses from a noise sequence.

The first step for impulse classification is the detection of
the impulses. In our previous work [10], we have proposed an
impulse detection method (IDM) based on the evaluation of
the background noise level. Basically, the method consists in
separating the samples above the background noise level, de-
tecting the first and last sample of each impulse and rebuilding
each impulse with the samples between the first and the last
samples. We refer to our work [10] for more details.

For a specific equipment voltage, we have N noise se-
quences. For each sequence, called Seq; with i = 1...N, we
apply the IDM and we classify the samples into two groups:
the background noise group (BNG) and the impulse group
(IG). We keep the correlation between the impulse samples for
IG, since we will need information about the impulse duration
and the amplitude.

B. Representative characteristics of impulsive noise

The calculation of the parameters requires their definition
given by the model and the value of the characteristics that
we have defined in II.A. We present here the characteristics of
impulsive noise that characterized the RF environment for a
specific voltage of substation. From the characteristics it will
be possible to derive extra information in order to calculate
the parameters for the two models.

With the two groups BNG and IG, we calculate the impul-
sive noise characteristics and present average values than can
be used to represent the RF environment for each substation
voltage. The average values are calculated using the sample
mean and the sample variance. More specifically, the ampli-
tude, the impulse duration and the repetition rate are calculated
with the sample mean of the characteristic values classified in
the Impulse Group (IG). The background noise variance and
the impulse variance are calculated with the sample variance
of all the noise samples in BGM and IG respectively. The
results are shown in Table L.

Some information about the impulses (Table I) can be used
directly to estimate the parameters of the Class-A and BGM.

When studying the impulse duration, we have noticed in our
previous works [1], [2] that the impulses last longer when the
voltage of the equipment increases; although this correlation
is spottable sometimes, the difference between the impulse
duration for different voltages is too small to confirm this
assumption. The increasing of the impulse power also implies
the increasing of the background noise, which makes difficult
the reading of the impulse samples when that are contained in
the background noise envelope.

IV. PARAMETERS AND MODELS COMPARISON

We present the method used to calculate the parameters
that are the most appropriate to represent impulsive noise
within substation for the two models. With the information
derived from the impulse classification, we use the parameters
definition to calculate their values.

A. Parameters and definition

In this section, we give the definition and the equation to
calculate the parameters for each model. The class-A model
uses 3 parameters that we have defined in II.B. The use of the
Middleton model for a wide band study can be considered
as Narrow band, however the parameter estimation methods
proposed so far [13], [14], [17] are not efficient in wide band
according to our previous experience [10]. We prefer then to
use the definition of the parameters and the average values
of the impulses noise characteristics (Table I) to calculate the
three parameters A, I' and o.

Given the parameter definition ,we can calculate the follow-
ing parameters:

A = repetiton rate x average impulse duration )

r_ background noise variance (10)
~ impulse sample variance

o? = sampled variance(impulsive noise samples)

Y

For the implementation of MCA, we chose 5 sources of
noises instead of an infinite. Among the 5 sources of noise,
one source represents the background, the 4 other sources
represent the impulses.

The BGM model requires information about the impulse
duration, the repetition rate, the variance of the background
noise and the variance of the impulse samples. The impulse
duration is represented by the probability to leave state 1
(p1o in Figure 3) and the repetition rate is represented by the
probability pg; to transit from state 0 (background noise) to
state 1 (impulse). We have the following equations:

number of impulses
duration in background noise

1
average impulse duration

Po1 = (12)

P1o = (13)



TABLE II
CLASS-A PARAMETERS

| [ 25 kV [ 230kv__ | 3I5kV_ | T735kV_ |
A 1.7x107% [ 18x103 [ 1.7x10~% [ 2.1 x 101
r 29%x1072 | 25%x1072 | 7.2x 1073 | 6.1 x 103
02 | 1.54x107% | 84x107% | 42x1073 | 5.7 x 1073
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Fig. 4. MCA impulsive noise representing a 735 kV environment.

B. Results

In order to evaluate the performance of the MCA
and BGM models, we generate impulsive noise with the
proposed parameters (Tables I and III). The noise sequence
length is configured for 20 millions of samples, for both
models. We use, for each voltage level (Table II), the
parameters calculated from our estimation of impulsive noise
characteristics (Table I). We show in Figure 4 an example of
noise sequence generated with the MCA model, using our
proposed parameters for a 735 kV environment. As we can
observe on Figure 4 the noise is composed of i.i.d samples
for the MCA model and the impulses samples are generated
from 4 Gaussian distributions, which makes this model more
realistic for the sample values.

For the BGM model, the parameters are shown in Table III.
As for the MCA model, we provide parameters for each
voltage level (25, 230, 315 and 735 kV) and we show in
Figure 5 an example of noise sequence generated by the

TABLE III
BGM PARAMETERS
[ [ 25kV_ | 230kV | 315kV_ | 735kV |
po1 | 1.3x107% [ 26 x107% [ 2.3x 1076 [ 3.3 x 106
p1o | 7.6 x 1073 0.013 0.014 0.0143
o | 4x107° 2x10° [ 27x107° [ 35x10°°
of [ 15x1077 [ 82x10%7 [ 41x1073 | 5.6 x 1073
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Fig. 5. BGM impulsive noise representing a 735 kV environment.

BGM model with our parameters for the 735 kV environment.

On Figure 5, we observed that the impulses samples are
gathered in a burst of impulse, which is more similar with
the measurements than the i.i.d samples of MCA, in terms of
impulse duration. However, an impulse is represented by one
Gaussian distribution, instead of 4 distributions as with MCA
model.

V. CONCLUSION

Substation environments generate impulsive noise with
characteristics that change with the equipment voltage. We
have proposed a method to classify those characteristics for
different voltages of substation and we have provided average
values as a contribution. We have also calculated parameters
that are more suitable for MCA and BGM models in order
to represent an RF environment given a specific voltage of
substation.

MCA model is more suitable for communication systems as-
suming i.i.d noise samples, e.g. systems using inter-leaving or

TABLE 1
IMPULSE CHARACTERISTICS

Voltage area
Impulsive 25 kV 230 kV 315 kV 735 kV
noise characteristics
Amplitude (V) 0.026 0.061 0.098 0.136
Impulse duration (samples) 132 72 71 70
Repetition rate (impulses/second) 6.4 x 103 1.3 x 10* 1.2 x 104 1.7 x 10%
Impulse sample variance 1.5x107% | 82x107% | 41x1073 | 5.6 x 1073
Background noise variance 42x107% | 2.1 x10°° 3x 1075 3.5 x 107
Total noise variance 44x107% | 21x107° | 3.1x107° | 3.9 x107°




down-sampling. For communications considering the memory
of the noise, we recommend to use the BMG model with the
proposed parameters, especially for communication receivers
that aim to take advantage of the sample correlation to mitigate
the impact of impulsive noise.

As future work, we recommend to provide parameters for
more complex models, such as partitioned Markov chains and
to study the impact of the weather on the characteristics of
substation impulsive noise.
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