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The paper deals with mathematical modeling of acoustic emission signals which are generated in on load tap
changers. In power engineering area acoustic emission method is commonly used for diagnosis purposes. Authors
in their research works apply it for detection of defects occurring in on load tap changers, which are important
elements of power transformers. The acoustic emission method is based on measurements performed by use of
wideband piezoelectric transducers that are mounted on transformer tank surface. The registered signal is then
analyzed in the time, frequency, and time�frequency domains or is evaluated with computer expert systems for
diagnosis purposes. Depending on indicators device technical condition can be determined. The contribution given
by the authors in this paper is proposal of a mathematical model, which describes envelope of the measured acoustic
emission signal.
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1. Introduction

The scienti�cally-research works, completed until now
in the �eld of measurement and results analysis in time
and time�frequency domains, con�rmed the possibility
of using the acoustic emission (AE) method for diagnos-
ing of on load tap changers (OLTC) with a structure
of separate selector and power switch [1�5]. Due to the
possibility of carrying out the measurements during nor-
mal on load operation of the transformer, the acoustic
method can be applied in diagnostic systems working on-
-line. These systems require development of a database
base, which contains ��ngerprints� of individual OLTC
defects. Technical implementation of this database may
be formed using di�erent IT tools. One method to create
such a database is to develop a mathematical model that
allows for digital description of the measured AE signals.
This paper presents results of works relating to appli-

cation of selected regression functions for envelope de-
scription of AE signals generated by the power switch.

2. The object under study and AE signal

generated by OLTC

The process of modeling was applied for AE signals
that have been registered for di�erent types of defects
simulated under laboratory conditions. They have been
characterized in [1, 2, 6, 7]. In systems modeling vari-
ous types of defects the AE signals were registered and
then the envelope of each time course was determined.
AE signals generated by a power switch contain three
characteristic structures: S1, S2, S3, which correspond
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to the successive acoustic events, wherein the �rst struc-
ture S1, in certain cases, consists of two sub-structures:
S1A and S1B. An example of AE signal time course gen-
erated by a power switch with new contacts is shown in
Fig. 1. The shape of envelope along with the selected
structures S1A, S1B, S2, and S3 is shown in Fig. 2.

Fig. 1. Time run of the AE signal generated by the
OLTC.

Fig. 2. Time run of the AE signal envelope. The
OLTC case with the characteristic structures marked
as S1A and S1B, S2 and S3.
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3. Regression analysis and the mathematical

function applied

Envelopes of AE signals generated by the switch may
be approximated with a function y(t). In the process
of parameter estimation of function y(t) a non-linear
regression function model was used, which is described
by Eq. (1):

Ŷ = f(X,P ) + ξ, (1)

where Ŷ � theoretical value of the regression function
y(t) = f(X,P ), X � set of dependent and independent
variables, P � set of parameters, ξ � random coe�-
cient [8].
The parameters of the regression function were esti-

mated by means of least squares method. The esti-
mates were then used in optimization process, in which
the Nelder�Mead�Simplex method was applied [9]. The
estimation process was performed complying the min-
imal value of the residual norm δ, which is described
by Eq. (2):

δ = ‖ŷ − y‖ =

√√√√ n∑
i=1

(ŷi − yi), (2)

where δ � value of the residual norm ‖ŷ−y‖, ŷi � i-th
estimate of the regression function, yi � empirical data,
i = 1 . . . n, n = 50000 � number of samples.
In order to describe the signal envelope with a math-

ematical model, ten di�erent nonlinear regression func-
tions (shortly called models) were considered:

1. Levy type function (LEV).

2. Birnbaum�Sanders type function (B�S).

3. Sigmoid type function (SIG)

4. Nakagami type function (NAK)

5. Generalized extreme value type function (GEV).

The parameterization and optimization processes us-
ing proposed regression functions was applied for en-
velopes of the individual structures: S1, S2, S3, occurring
in the analyzed signals. As estimates for regression func-
tions, by which one can describe the envelopes of AE sig-
nals generated by power switch, we proposed �ve mathe-
matical models with one dependent and one independent
variable. The dependent variable is the actual value of
the registered AE signal envelope, while the independent
variable is time. The adopted models are characterized
by similar course to the assigned functions.

3.1. Levy type function LEV

The regression function of type Levi is expressed
by Eq. (3). Figure 3 shows the time course of enve-
lope of the S1A structure of the AE signal generated by
OLTC with a modeled defect, and the calculated regres-
sion curve LEV:

f(x) = A

√
γ

2π

1

(x− µ)3/2
exp

(
− γ

2(x− µ)

)
, (3)

where f(x) � estimate of the regression function LEV,
A ∈ R, µ ∈ R, γ > 0, x > µσ � function parameters
estimates, x � independent variable, time.

Fig. 3. Time run of the AE signal envelope and the
LEV model applied for the S1A structure.

3.2. Birnbaum�Sanders type function B�V

The regression function of type Birnbaum�Sanders is
expressed by Eq. (4). Figure 4 shows the time course of
envelope of the S1A structure of the AE signal generated
by OLTC with a modeled defect, and the calculated re-
gression curve B�S:

f(x) =
A√
2π

exp

(
−
(
√
x/β −

√
β/x)2

2γ2

)

×
√
x/β +

√
β/x

2γx
, (4)

where f(x) � estimate of the regression function B�S,
A ∈ R, x ∈ R, γ > 0, β > 0 � function parameters
estimates, x � independent variable, time.

Fig. 4. Time run of the AE signal envelope and the
B-S model applied for the S1A structure.

3.3. Sigmoid type function SIG

The regression function of type sigmoid is expressed
by Eq. (5). Figure 5 shows the time course of enve-
lope of the S1A structure of the AE signal generated by
OLTC with a modeled defect, and the calculated regres-
sion curve SIG:
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f(x) = A

[
a1 exp

(
−
(
(x− µ1)

c1

)2
)

+ a2 exp

(
−
(
(x− µ2)

c2

)2
)

+ a3 exp

(
−
(
(x− µ3)

c3

)2
)]

× 1

1 + k exp(−b(x− µ4))
, (5)

where f(x) � estimate of the regression function SIG,
(A, ai, bi, ci) ∈ R, for i = {1 . . . 3}, x ∈ R, k > 0, b,
(µi) ∈ R, for i = {1 . . . 4} � function parameters esti-
mates, x � independent variable, time.

Fig. 5. Time run of the AE signal envelope and the
SIG model applied for the S1A structure.

3.4. Nakagami type function NAK

The regression function of type Nakagami is expressed
by Eq. (6). Figure 6 shows the time course of enve-
lope of the S1A structure of the AE signal generated by
OLTC with a modeled defect, and the calculated regres-
sion curve NAK:

f(x) = A
(µ
ω

)µ 1

Γ (µ)
x2µ−1 exp

(
−µ
ω
x2
)
, (6)

where f(x) � estimate of the regression function NAK,
A ∈ R, x ∈ R, x > 0, ω > 0, ω ∈ R, µ ∈ R, µ ≥ 0.5

Fig. 6. Time run of the AE signal envelope and the
NAK model applied for the S1A structure.

� function parameters estimates, x� independent vari-
able, time.

3.5. Generalized extreme value type function GEV

The regression function of type generalized extreme
value is expressed by Eq. (7). Figure 7 shows the time
course of envelope of the S1A structure of the AE signal
generated by OLTC with a modeled defect, and the cal-
culated regression curve GEV:

f(x) =
A

σ
exp

(
−
(
1 + k

x− µ
σ

)− 1
k

)

×
(
1 + k

x− µ
σ

)−1− 1
k

, (7)

where f(x) � estimate of the regression function GEV,
A ∈ R, x ∈ R, x ≥ 0, σ > 0, µ ∈ R, k ∈ R � function
parameters estimates, x � independent variable, time.

Fig. 7. Time run of the AE signal envelope and the
GEV model applied for the S1A structure.

Fig. 8. Arithmetic mean and median values of the cor-
relation coe�cient R2, determined for �ve models.

As a �tting measure of estimated regression function
parameters for each structure occurring in the modeled
AE signal envelopes, the determination coe�cient value
R2 was considered. For the calculated values of R2 the
arithmetic mean and median were estimated and are
shown for comparison in form of column chart in Fig. 8.
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4. Summing-up

Based on a comparative analysis of determination co-
e�cient values R2, two of the �ve mathematical models
used were highlighted: B�S and SIG. They are charac-
terized by the greatest degree of �tting to the empirical
parameters, which was con�rmed by the calculated arith-
metic means of determination coe�cient R2, which are
as follows: for the B�S model mean = 0.56, for the SIG
model mean = 0.68. It has been shown that the high-
est value of determination coe�cient was achieved for
the SIG model. On the basis of these results for further
analyses, associated with development of a mathematical
equation for the entire envelope of AE signal generated
by the power switch, it is planned to use the SIG model.
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