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Abstract. The article is devoted to the investigation of the applicability of
the correlation analysis for the processing of heterogeneous data obtained
from complex technical systems. In this article, heterogeneous data is
understood to mean heterogeneous data obtained from means of
monitoring the state of individual objects. The proposed approach is
proposed to be used to diagnose complex technical systems using the
example of digital substations. For this purpose, an imitation model for
power substation based on the method of diakoptics was developed. And
all components of the system, regardless of their physical functioning
principles, are represented in the form of electrical sub-models. The
substitution schemes based on operational amplifiers are used. The model
simulates the operation of measuring current and voltage transformers,
power transformer, circuit breaker and relay protection. To test the
proposed approach, we also considered an amplifier circuit based on three
operational amplifiers. The calculation of the circuit is described, as well as
the simulation of the circuit in the MicroCap environment. The simulation
was carried out with the aim of realizing parametric and structural
diagnostics on the basis of correlation analysis. The results of modeling the
applicability of the proposed approach for both parametric and structural
diagnostics is proved operability.

1 Introduction

As known the innovative level of automation of traditional substations are digital
substations, which are now being introduced everywhere [1-3]. A digital substation, like
any complex technical system, involves a large number of elements and interactions
between them. The most common approach to analyzing data from primary sensors in the
diagnosis of such systems is to set the limits of the monitored parameters and then to
compare with them (threshold analysis). Currently, threshold analysis is used to identify
current and developing damage to individual components of the system [4]. It is also worth
highlighting various methods of intellectual analysis, but in general they are also focused
on a single element of the system [5,6].
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2 Materials and Methods

An idea is proposed that consists in combining information (or data) from various sources
(or from different sensors) in order to achieve better evaluation results (for example,
accuracy and reliability) than from one source. A number of studies [7-12] showed that
combining heterogeneous information about a diagnosed object allows obtaining more
accurate diagnostic information about it. However, studies for structural diagnostics are
mainly concentrated in the field of chemistry and medicine [13].

In this paper, we suggest aggregating the data obtained from the measuring devices at a
digital substation with structural information about the substation. This approach is based
on a change in the correlation dependence between the measured parameters, which makes
it possible to assess the structural integrity of the system being diagnosed. In addition, a
dynamic estimation of the correlation dependence will allow to predict the change in the
correlation dependence, which allows for predictive diagnostics.

One of the main tasks for implementing the proposed approach is the transformation of
heterogeneous sources of information about the state of the system to a single view. Based
on the method of diakoptics, it is proposed to convert to the form of electrical circuits. Let's
consider the scheme on a concrete example — a digital substation. To simulate the
substation, we use its simplified structure, shown in Fig. 1 [14]. This scheme include next
blocks: HV, LV - high and low voltage; CB1 and CB2 - circuit breakers 1 and 2; CT1 and
CT2 — measurement current transformers 1 and 2; VT1 and VT2 — measurement voltage
transformers 1 and 2; PT — power transformer.

Stage 1 of the substation scheme, shown in the figure 1, includes a current transformer, a
voltage transformer and a circuit breaker on the high voltage side. In this case, it is worth
noting that part III of the scheme is similar to part I.
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Fig. 1. The substation scheme.

The imitation model of part I of the substation scheme, that was created on the basis of
operational amplifiers (OA), is represented in Fig. 2. This imitation model includes next
blocks: R2, R8 — feedback impedances equivalent to the detected voltage and current
transformer parameter; R1, R7 — compensation resistors to provide a gain factor Kg = 1;
blocks 1 and 5 are responsible for diagnosing the voltage and current transformer; blocks 2
and 6 are responsible for the inversion of the signal; blocks 3 and 7 designate the element of
comparison or tripping of relay protection (RP); block 4 is responsible for the operation of
the circuit breaker and the disconnection of the HV. Part I functions as follows: from the
CT and CV, measurement information is obtained, blocks 1, 5 mimic the disturbances in
the operation of the CV and CT, respectively — when the CT and CV deviate, the
resistances R2 or R8 change, and the measured current or voltage values change. For the
convenience of calculating the gain factors OA1 and OAS, an inverting amplifier is taken as
the basis of blocks 1 and 5.
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Fig. 2. The part I of the substation scheme.

Further, in order to obtain a positive signal, the units 2 and 6 convert the negative signal
into a positive one, and the signals from the current and voltage transformers (with them
going the same 50 Hz alternating voltage) are rectified, that is, they become constant. After
that, in block 3, the measured voltage value is compared with the pick-up value of the RP
(upper and lower limits). Block 7 compares the measured current value with the pick-up
value of the RP (upper limit). Block 4, based on the information from blocks 3 and 7,
disables the high-voltage line in the event that the values of the monitored parameters go
beyond allowable limits.

The imitation model of part II of the substation scheme is shown in Fig. 3. This
imitation model includes next blocks: CT — current transformer, built-in power transformer;
TS — temperature sensor of power transformer. For example, a simplified case is considered
in which the acquisition of information from a power transformer is carried out from two
sources of CT and TS.
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Fig. 3. The part II of the substation scheme.

The workflow of the scheme of Part II (Fig. 3) consists in obtaining information from
sources and comparing them with the limiting values. If the monitored value exceeds the
permissible limit, a signal is sent to the circuit breaker and the power transformer is
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switched off. Block 8 simulates the operation of a power transformer based on the use of
Kg. Block 9 converts the negative signal received from block 8 to positive for the further
operation of the circuit.

3 Results and discussion

To test the efficiency of the proposed method, the circuit was modeled on three operational
amplifiers [15]. The simulation was carried out in the MicroCap environment. For example,
the following parameters are specified in the schema:

1) As the input signal, a voltage equal to Uin =75 mV is taken;

2) As the output voltage, Uout=5 V.

The gain with negative feedback is determined by their ratio and is equal to Kg = 66.7.

When R1 = R3, R5 = R4, R6 = R7: K, = ﬂ+1 E In case 2Rl =6,67 and
& R2 R5 R2

%:10 and R2=R4=R5=10 kOhm: R6=10-R5, R7=R6=10-10-10° =100

kOhm, RI=R3 =283 kOhm. The output voltage is: Uout = KgeUin. The results of
simulation the output signal (out point) are shown in Fig. 4.
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Fig. 4. Calculation results under baseline conditions.

To study the correlation between the resistance of circuit elements and the output signal,
the resistance of R1 and R6 is modeled to eliminate compensation in calculating the output
signal. To determine the degree of influence of each of these resistances, the theory of
experimental planning is used [16, 17], respectively, R1 and R6 act as factors, and the
output signal as a response. The initial value of the factors is the center of the plan. As
variation intervals for R1, 0,5 kOhm is taken, for R6 5 kOhm is taken. To simplify the
analysis, the number of levels of each factor is 2. The planning matrix for two factors in this
example is as follows (Table 1).
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Table 1. Planning Matrix 22

Experiment RI, R6,
nIZ)mber 1 kOhm *2 kOhm Uour, V
1 —1 20 —1 95 4,719
2 1 12 -1 95 4,790
3 -1 8 1 105 5,195
4 1 5 1 105 5,274

The correlation coefficient is determined by the formula [18]:

_ Cov(XY)
X,y o, - Gy 5

1~ _ — . L .
where Cov(X.Y) =—Z(xi —X;)(¥; —y;),0x and oy — is the standard deviations in the
n
i-1
matched rows. On the basis of data in Table 1, the following values of the correlation
coefficients are given in Table 2.

Table 2. The values of the correlation coefficient

RI R6 Uour
R1 1
R6 0 1
Uour 0,154 0,988 1

Further, to evaluate the developing defects in the circuit element, the correlation
coefficient was calculated with a decrease in the center of the plan (center of the interval)
R1 to 0.5 kOhm with a variation interval of 0.5 kOhm and with a constant center of the R6
interval, resulting in the following results (Table 3).

Table 3. The values of the correlation coefficient when the center of the plan is changed

Center of the Correlation coefficient | Correlation coefficient
plan R1, kOhm R1 and Uou R6 and Uour
28,3 0,154 0,988
25,0 0,163 0,987
20,0 0,176 0,984
10,0 0,214 0,977
0,5 0,268 0,963

From Table 3 it can be seen that when the interval center is altered, which simulates the
developing defect, the correlation coefficient changes, due to which it is possible to
determine the degree of deviation from the norm in the work of the element under
consideration.

With an increase in the range of variation of R1 up to 1 kOhm the correlation coefficient
varies from 0.298 to 0.479, which allows a more detailed assessment of the degree of
disturbance. With a variation range of R1 equal to 1.5 kOhm, the correlation coefficient
varies from 0.423 to 0.627. With a further increase in the variation interval R1, for
example, up to 5 kOhm, the correlation coefficient changes from 0.816 to 0.925, while the
correlation coefficient between R6 and Uout varies from 0.577 to 0.377.

Based on the conducted studies, it follows that as the range of variation of R1 increases,
the correlation coefficient increases, which is obvious, since the step is too large and such a

5
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change in resistance exerts a larger influence on Uout than in R6. However, the detailing of
the degree of damage is reduced, as in the case of too small a range of variation. In this
particular case, the most optimal option is the range of variation equal to 3.5-5% of the
center of the plan.

To determine the structural integrity of the circuit under study, the correlation
coefficient was studied by breaking one of the branches of the circuit. To investigate the
effect of such a violation, the value of the resistance R1 was chosen to be equal to infinity
and zero at a variation interval of R6 equal to 5 kOhm. The results of calculating the
correlation coefficients are given in Table 4.

Table 4. The calculations of correlation coefficient values for R1 =0 and R1 = co.

RI R6 Uout
R1 1
R6 0 1
Uout 0,999 0,011 1

According to Table 4, the correlation coefficient of R1 to the U,y take a value very
close to unit, this allows us to identify the breaking of bonds based on the correlation.

4 Conclusion

The conducted researches show that diagnostics of complex technical systems should be
based on the analysis of all measurement data in a complex. To solve this problem, an
effective way is to create a simulation model by converting the heterogeneous components
of the system to a single view. Based on the methods of diakoptics, a simulation model of a
digital substation has been developed. A diagnostic method is proposed, in which the
change in the correlation coefficient is used as the main diagnostic feature. It is obtained
that by controlling the change in the correlation coefficient, it is possible to estimate the
developing defect of the element being diagnosed, and under the condition of a sharp jump
in the correlation coefficient - about structural disturbance in the system being diagnosed.
As a result of the conducted researches, the operability of structural and parametric
diagnostics on the basis of correlation analysis was proved.

The reported study was funded by RFBR according to the research project Ne 18-38-00950. This
article is based on results obtaned by using equipment of shared facility “Diagnosis and energy-
efficient electrical equipment” (NPI).
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