energies MDPI|

Article

WSPRT Methods for Improving Power System Automation
Devices in the Conditions of Distributed Generation
Sources Operation

Aleksandr Kulikov !, Pavel Ilyushin >*{, Anton Loskutov (7, Konstantin Suslov 3 and Sergey Filippov >

Department of Electroenergetics, Power Supply and Power Electronics, Nizhny Novgorod State Technical
University n.a. R.E. Alekseev, 603950 Nizhny Novgorod, Russia

Department of Research on the Relationship between Energy and the Economy, Energy Research Institute of
the Russian Academy of Sciences, 117186 Moscow, Russia

Department of Hydropower and Renewable Energy, National Research University “Moscow Power
Engineering Institute”, 111250 Moscow, Russia

*  Correspondence: ilyushin.pv@mail.ru

Abstract: The trend towards the decentralization and decarbonization of the energy sector stimulates
the adoption of generation facilities based on renewable energy sources (RES) and distributed
generation (DG) facilities that utilize secondary energy resources. Operation features of DG facilities,
such as a high speed of electromechanical transient processes and significant deviations of power
quality indicators from standard values, require improvement and an increase in the speed of
automation devices. Modern electroautomatic devices must determine the operating regions (normal
and emergency) and adapt the operation algorithms to the conditions of the current mode. The
study presented proposes methods developed to use the Wald Sequential Probability Ratio Test

ﬁf;e;:tfg; (WSPRT) to improve the reliability and efficiency of the power system automation devices. The paper
Citation: Kulikov, A.; llyushin, P; provides examples of using WSPRT in the devices of automatic frequency load shedding, automatic
Loskutov, A.; Suslov, K.; Filippov, S. transformer disconnection, and power quality control. The results of mathematical modeling confirm
WSPRT Methods for Improving the high performance of WSPRT in power system automation devices owing to an increase in the
Power System Automation Devices reliability of operating regions identification and speed of response. For example, in the automatic
in the Conditions of Distributed frequency load shedding (AFLS) algorithm for a network with DG facilities at a sampling rate that
Generation Sources Operation. meets the requirements of the IEC 61850 (80 samples per period), the acceptance time does not exceed
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1 ms. The study substantiates the need to use WSPRT in the logic blocks of automation devices
employed in active distribution networks.
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published maps and instifutional affil- Many countries plan to achieve carbon neutrality by 2035-2050, which means a reduc-

tion in carbon dioxide emissions to zero [1]. This requires maintaining a balance between
carbon emissions and their removal by both offsetting and minimizing emissions from
economic activities.

The set goals can be achieved through a radical transformation of technological pro-
cesses based on innovative developments in energy sector, industry, transport, and agri-
This article is an open access article  Culture, which are the main carbon dioxide producers. Innovative solutions are needed
distributed under the terms and  iN the energy sector to create new types of equipment and automation systems and in the
conditions of the Creative Commons ~ Sphere related to the new types of services and models of electricity, heat, and cooling
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creativecommons.org/licenses /by / Some countries have quite large electrical and thermal energy transmission losses,
40/). which exceed the value of 10-12%. This is due to the long length of power lines and heat

iations.
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networks. The decentralization of generation capacities and their proximity to consumers
can significantly reduce transmission losses to 1-2.5%, which contributes to both energy-
saving and the minimization of carbon dioxide emissions [4,5].

The trend towards decentralization also makes it possible to fully meet the needs
of society for the necessary types of energy in the required volumes and at affordable
prices and to ensure the reliability, availability and security of energy delivery to various
categories of consumers [6].

In the last decade, there has been a steady global trend towards a reduction in the
use of non-renewable energy resources (coal, peat, oil, natural gas, etc.) in the energy
sector. The listed energy resources are gradually replaced by renewable ones, which is why
the new generation capacities are mainly commissioned in the sectors of wind and solar
energy [7,8].

The integration of RES-based generation and DG fuel facilities requires a significant
transformation of distribution networks. DG fuel facilities make it possible to effectively
utilize secondary energy resources, such as coalmine methane, blast furnace and converter
gas, biogas at treatment facilities, timber processing and agricultural waste. The need
for transformation is also explained by the fact that RES-based generation, as well as DG
fuel facilities, are integrated into medium- and high-voltage distribution networks. As a
result, the networks become active, and the power flows in them can change their direction
and magnitude from maximum to minimum several times during the day, depending on
the generation and consumption conditions. In this case, distribution networks become
complex heterogeneous objects, which normally have decentralized (multi-agent) control,
including active consumers with controlled load and electric energy storage systems [9-11].

According to the International Renewable Energy Agency, the installed capacity of
renewable energy generation has increased over the past ten years from 1311 to 2537 GW.
Such a growth required revising most of the existing regulatory legal acts and building
completely new control models to ensure the stability of RES-based generation functioning
as a part of power systems under various topology and operating conditions [12].

Modern solar and wind power plants are connected to the distribution networks
through inverters, in which power output and protection control algorithms are imple-
mented. The networks with a large share of RES-based generation encounter significant
deviations of power quality indices (PQIs) from the standard values due to the stochastic
nature of electricity generation. In low-load conditions of inverters, at low values of solar
radiation and small wind pressure, the PQI deviations are even more significant. PQI
control devices record both short-term (from fractions of seconds to units of minutes) and
long-term (from tens of minutes to hours) PQI deviations [13,14].

Moreover, the distribution networks have electrical loads of industrial enterprises
for which PQI deviations are critical. The simultaneous deviation of several PQIs leads
to the tripping of electrical loads by protection devices with a subsequent shutdown of
production processes. This results in losses due to rejected products and the undersupply
of products [15,16].

The decentralization of generation capacities with the massive introduction of RES-
based generation operating in the distribution network causes a variety of possible topology
and operating conditions. Under these conditions, it is impossible to provide manual
control of power flows based on their visual identification and evaluation [17,18].

Therefore, the emergency control, power flow control, and electric automation de-
vices are widely used in power systems. These devices must accurately identify many
different operating regions since this affects the correct choice of types and sizes of control
actions [19,20].

This study aims to develop methods for using the Wald Sequential Probability Ratio
Test (WSPRT) in logic blocks of power system automation devices to improve their efficiency
and response time. This paper provides examples of the WSPRT uses in devices for
automatic frequency load shedding, automatic transformer disconnection, and automatic
PQI control.
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2. An Overview of the Wald Sequential Probability Ratio Test Uses

There are various known probabilistic-statistical methods widely used in industry, for

example, in the input control of incoming materials, the analysis of production processes,
the technical diagnostics of equipment, and the output control of manufactured products,
as well as in decision-making at various production stages [21,22].

An overview of the literature on known use cases of WSPRT in various fields of

knowledge is given in Table 1. It should be noted that WSPRT is not used in typical power
system automation devices manufactured by various manufacturers.

Table 1. Literature overview of WSPRT applications.

Application Area Characteristics of the Tasks to Be Solved Reference

Manufacturing, industrial systems

Input control of incoming materials, analysis of
technological processes, technical diagnostics of
equipment, output control of
manufactured products

[23-26]

Finance

Forecasting the bankruptcy of borrowers in the
banking sector, forming a portfolio of investors,
determining the priority of lending to
corporate borrowers

[27-29]

Medicine

Image recognition, selection and interpretation of
diagnostic tests and procedures, determining the
outcome of surgical treatment in patients with
various diseases

[30-32]

Agriculture

Determining yields under conditions of uncertainty
of natural and climatic conditions (rain, drought, [33,34]
hail, etc.)

Diagnostics of electrical equipment, determination

Power industry of the location of damage, classification of accidents [35-41]

in power systems, and regime automation

Software

Determining the reliability and quality of software [42]

Here are the main factors that affect the parameters of power flows and generate the

need to use WSPRT in automation devices of power systems:

a significant increase in the time of electromechanical transients in active distribution
networks due to small values of mechanical inertia constants of generating units (GUs)
used at DG fuel facilities;

the emergence of different operating regions due to a decrease in mutual resistance
between electric motors in the load and GUs in active distribution networks;

the use of high-performance fuel generators with smaller weight and size character-
istics at DG facilities, which leads to their tripping by protection devices even in the
case of short-term deviations of operating parameters (current, voltage, frequency)
from the nominal values;

the use of modern industrial process lines that are sensitive to the PQI deviation,
which leads to their shutdown by process protection when the PQIs deviate from the
nominal values;

the use of automation devices in power systems with response time delays in the case
of short-term deviations of operating parameters; for example, 0.15-0.3 s—for auto-
matic frequency load shedding devices, 1-6 s—for automatic undervoltage protection
devices.

It is worth noting that response delays in the control devices are normally not critical

in distribution networks that have no RES-based generation facilities and DG fuel facilities.
However, in the context of the mass decentralization of generating capacities, it is necessary
to timely address the issue of increasing the speed of response for automation devices.
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Let us give an example of a part of an active distribution network, to which a RES-
based generation facility and a DG fuel facility with four gas-reciprocating units (GRU) are
connected (Figure 1).
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Figure 1. Simplified single-line diagram of a portion of an active distribution network [17].

The power consumption of the distribution network portion is 20 MW, the total ca-
pacity of the DG fuel facility based on gas-reciprocating units is 10 MW, and the installed
RES-based generation capacity (a photovoltaic power plant (PVP)) is 15 MW. The load
structure in terms of the total consumed active power is as follows: the share of induction
motors (IMs), depending on the mix of the process equipment at an industrial enterprise,
ranges from 10 to 90%, and the rest of the load is static. The technical characteristics of
equivalent IMs differ: Mgtat/Mnom = 0.2 (for IMs that make up 20% of the total consump-
tion), 0.4 (for 70%) and 0.8 (for 10%), respectively. The calculations of electromechanical
transient processes assume that there is no change in the PVP power output due to a change
in insolation and that PVP continues to generate the initial power (before the disturbance)
in the quasi-steady state during the considered period (up to 10 s) at a frequency of the
current operating state of the distribution network portion.

Using the example of automatic frequency load shedding (AFLS) devices (one for each
section of 6 kV busbar) located in some part of the active distribution network (Figure 1)
switched to an islanded mode of operation (breaker Q is off), we will show the presence
of several operating regions and describe their features. The factors that determine the
nature of electromechanical transient processes in this case will be the value of the initial
active power shortage Dp = 1 — Ppom Gus/Ploads (%) and the share of IMs in the load
d = Pivs/Proads (%). There appear four operating regions, A, B, C, D, as shown in Figure 2.
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Figure 2. Operating regions of an AFLS device for various values of initial active power shortage for
various load compositions [43].
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In region A, there is a steady state, at which U > 0.8Unom, f > 49 Hz. The operating
conditions in this region are explained by an overload capacity of the GUs of the DG facility,
forced excitation in synchronous generators, and by the load regulation effects. The latter
depends linearly on the value of d (at d = 0, the regulation effects Kpy ~ 2, Kps = 0; if
d= 1000/0, KPU ~ O, KPf ~ 18)

In region B, the GUs of the DG facility keep the voltage above the critical value, while
the IMs continue to work, but the available power of the GUs is not enough, which leads to
a decrease in frequency. Since the value of d is not large in this case, the IMs cannot provoke
a voltage avalanche. Standard AFLS devices manufactured by various manufacturers can
function reliably only in this operating region.

In region C, the value of d is greater than that in region B; therefore, the reactive
power consumption by IMs goes up as the frequency decreases. This results in a significant
voltage drop.

In region D, the magnitude of the initial power shortage is large, which causes the
rapid occurrence of a voltage avalanche. In this case, all IMs are braked and tripped by
undervoltage protection devices. The voltage in the network is set to 0.4 Upom, which,
at low load, enables the GU speed control devices to raise the frequency to the nominal
value [43].

The calculation results for electromechanical transients are given for the cases with
no significant voltage dip at the initial stage. If the emergency conditions begin with a
short circuit, then the rapid braking of the IMs results in a sharp increase in the value of
reactive load consumed and a voltage decrease. In this case, the requirements for the speed
of AFLS devices increase significantly, since the response time delays will lead to a voltage
avalanche.

In the context of the decentralization of generation capacities with the massive adop-
tion of RES-based generation and DG fuel facilities, the use of WSPRT in power system
automation devices is justified and necessary. It will boost the speed of the automation
devices and ensure the correct choice of types and sizes of control actions that are adequate
to the operating region.

3. Simulation and Types of Calculations for the Formation of Operating Regions

The simulation was carried out to identify the operating regions and obtain statis-
tical frequency distributions for normal and emergency conditions in the PowerFactory
DIgSILENT GmbH software.

An islanded mode of a portion of an active distribution network with a DG fuel facility
and a RES-based generation facility was considered in simulation. This is because, in the
islanded mode of operation, when there is no power flow from the power system, one can
clearly identify possible operating regions and determine their boundaries. In this case, the
following types of power flow calculations were performed:

e calculations of steady states for the normal and repair conditions of a portion of the
distribution network with different load compositions;

e calculations of electromechanical transients for various disturbances in the portion of
the distribution network.

A change in the load composition is understood as a change in the share of active
power consumed by IMs in the total consumption of active power in the portion of the
active distribution network. In the calculations, the proportion of IMs varied from 10 to
90%, while the rest of the load was static.

The calculations of electromechanical transients factored in the following disturbances:

direct start-up of a large 2 MW IM on 6 kV busbar;
shutdown of one of the four GUs at the DG facility;
shutdown of two out of four GUs at the DG facility;
shutdown of three out of four GUs at the DG facility.
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The calculation results were employed to construct a graph of operating regions
(Figure 2) and to obtain statistical frequency distributions for normal and emergency
conditions (Details show up in figure of Section 4).

4. The Use of WSPRT in Automatic Frequency Load Shedding Devices

AFLS devices are known to be designed to prevent the occurrence and development
of a frequency and voltage avalanche in power systems and to accelerate the process of
restoring operating parameters to normal values acceptable for post-accident conditions.

The AFLS devices are the most widely used devices in power systems, including active
distribution networks. The connection of DG facilities can cause the malfunction of these
devices, since typical devices do not have the technical capabilities to identify operating
regions and adapt the operation algorithm to the current operating conditions [43].

The adaptation of the operation algorithm to the current operating conditions involves
choosing the types and sizes of control actions to be implemented by the control device in
an active distribution network. The incorrect identification of the operating regions by the
AFLS device will lead to the wrong choice of types and sizes of control actions. As a result,
the conditions for the existence of the operating state will be violated, which will cause
the shutdown of all GUs at the DG fuel facility, the RES-based generation facility, and all
electrical loads. Thus, standard AFLS devices will not only fail to prevent the development
of accidents but will also aggravate their consequences.

With a decrease in frequency in electromechanical transients, large errors in frequency
estimation are observed due to the non-sinusoidal currents and voltages. This can lead
to the misoperation of the AFLS device and excessive load shedding. To prevent such a
development, it is important to design a high-speed AFLS algorithm capable of making
decisions with minimal errors about load disconnection in the case of considerable errors
in frequency estimation. We will implement the decision-making algorithm of the AFLS
device using WSPRT.

Let us consider the simplest option of solving the problem of operating region identi-
fication by successively testing hypotheses of frequency values in a portion of an active
distribution network. One of three hypotheses will be accepted for each measured fre-
quency value:

e  Hpy—frequency corresponds to the normal operating conditions;

e  Hj;—frequency corresponds to the emergency operating conditions;

e  Hy,—itis not possible to unambiguously determine whether the frequency belongs to
emergency or normal operating conditions, frequency measurements are continued,
and additional identification is performed based on the measurements.

The hypotheses are evaluated sequentially. Based on the results of the first observation,
one of the three indicated decisions is made. If the first or second decision is made, the
evaluation ends. The experiment continues if the third decision is made. Then, based on
the two observations obtained, one of the three decisions is made likewise. If the third
decision is made again, the test continues further.

The operation of the algorithm requires that the preliminary calculations of electrome-
chanical transients be implemented based on the results of frequency measurements in
all operating conditions of the part of the considered active distribution network. The
calculation results are used to build the corresponding statistical frequency distributions
(Figure 3), where the curve located on the right (red color) corresponds to the distribution
for the normal conditions (hypothesis Hy), and that on the left (blue color) corresponds to
the distribution for the emergency conditions (H).
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Figure 3. Statistical frequency distributions for normal and emergency operating conditions [44].

For the example presented in Figure 3, we assume that the mathematical mean (expec-
tation) of the frequency in the normal operating conditions is 7 = 50 Hz and in emergency
conditions, my; = 48.5 Hz. The laws of frequency distributions (Figure 3) will be considered
Gaussian with standard deviations o and 0y Numerical values of 0y and oy are deter-
mined by simulation data. Based on the first frequency value obtained, the likelihood ratio
is calculated:

—(x— 2 19002
P(M‘mﬂ,(fﬂ) _¢ . mfl)z/ i 2605[*(951*mfl)2/¢7f12+(>f1*mf0)2/¢7f02]_ 1)
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n(x1) =

At k frequency measurements, the likelihood ratio takes the form:

- (Xi—mﬂ)z (Xi—mfo)z
) 2

[p (xl ‘mfl, 0'f1> ... p (xk‘mfl, afl)] :H;(:le{O.S "fileVT]}
[P(xl‘mfo,afo) e P(xk‘mfo,tffo)}

Since the required number of frequency measurements depends on the nature of the
electromechanical transient process and corresponding errors in the frequency estimates,

this number is generally a random variable. The operating conditions are identified by the
likelihood ratio with the following hypotheses accepted:

@

H?:]ﬂ(xi) =

Hy, i TT_n(x;) > b;

Ho, f [T n(x) < a;
Hyn, ifa < Hlen(xi) < b.

To set the setpoints a and b when using WSPRT, we determine the errors of the first «
second 8 kind. Herein, « is the probability of a wrong choice for hypothesis Hy, and g is
the probability of a wrong choice for hypothesis Hi. The values of setpoints a and b for the
selection of hypotheses are calculated using the expressions:

4 1—(x. 3)
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Assume the values of errors of the first and second kind are equal to « = 0.01; g = 0.03

based on expert estimates. Then the values of setpoints a and b will have the following
values:

0.01 1-0.01
=100 "= oo
For the AFLS device, a block diagram was developed for the logic block to determine
frequency deviations (Figure 4).

33.

x Digital | n(x) : H, if T n@)>b;
—>| processing > ngfeﬂiﬁ,:n —> . ;ftn l
device Ho, if I n(xi)<a;
T T Hu, if a SHL N(xi) < b.
a b

Figure 4. Block diagram of the logic block for determining frequency deviations in the AFLS device.

Let there be several successive frequency measurements corresponding to the simulated
topology and operating conditions: x; = 48.9 Hz; x, = 48.8 Hz; x3 = 48.5 Hz; x4 = 48.5 Hz.
According to the indicated successive samples, a decision is made about the existence of
normal or emergency operating conditions.

Calculate the likelihood ratio for the first value of frequency x; = 48.9 Hz using
expressions (1) and (2):

1
n(x1) = 1.374; [ [n(x;) = 1.374
i=1

Since the likelihood ratio is in the area of uncertainty

1
a=001<]][n(x)=1374<b=33,
i=1

we assume hypothesis Hyn and the frequency measurement process continues.
For the second value of frequency x, = 48.8 Hz, we obtain:

2
n(x2) = 1.789; [ [n(x;) = 2.458.
i=1

For the second sequential measurement, the likelihood ratio is also in the uncertainty
area

2
a=001<]][n(x)=2458 <b=33,
i=1
therefore, further frequency measurements are required to use WSPRT.
Calculations for the third frequency value x3 = 48.5 Hz yield the following values:

3
n(x3) = 4.098; [ [n(x;) = 10.074.
i=1
The results obtained also generate the need to continue calculations, since

3
a=0.01<][n(x;) =10.074 < b = 33.
i=1
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The final decision is formed in the fourth step of the WSPRT, which corresponds to the
frequency measurement x4 = 48.5 Hz, where:

4
n(xy) =4.098; [ [n(x;) = 41.267;
i=1

4
a=001<][n(x;) =41.267 < b =33.
i=1

Since the product of the likelihood ratios exceeds the trip setting [T+_; n(x;) = 41.267 <
b = 33, then the logic unit of the AFLS device makes a decision about the emergency
conditions in the considered portion of the distribution network.

The block diagram of the step-by-step decision-making algorithm in the logical block
of the AFLS based on the WSPRT is shown in Figure 5.

( Start )

L k=1 |

gl

Measurement
Xk

v

Calculation
p(xllmﬂ,O'fl)- ...~p(xk|mﬂ,0'ﬂ)
plx Iy, 000)- oo pla lmg,00)

I (x,) =

yes

1

k=k

yes

A 4
"emergency mode" "normal mode"
decision decision

End

Figure 5. Block diagram of the step-by-step decision-making algorithm in the logical block of the
AFLS based on the WSPRT.

The decision-making process in the logic block for determining frequency deviations
of the AFLS device with the aid of WSPRT is illustrated in Figure 6.

Analysis of Figure 6 indicates that four frequency measurements and, accordingly,
four calculated values of the likelihood ratio were required for the logic block of the AFLS
device to make a decision. To implement the developed method using WSPRT, the logic
block for identifying frequency deviations of the AFLS device requires only simulation
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data expressed in statistical frequency distributions for normal and emergency conditions
and current sequential frequency measurements.

A
1l 41.267 ¢ Area of selecting
: 40 hypothesis H,
2 (emergency conditions)
=}
.g 30 -
= Area of selecting
—8 hypothesis Hua
220 1 (uncertainty area)
E
G| 10 s Area o.f selecting
hypothesis Ho (normal
conditions)
! g a=0.01
i i ; } ; >
0 1 2 3 4 5

Successive frequency measurements, £, p.u.

Figure 6. Illustration of the decision-making process in the logic block of the AFLS device [45].

The negligible decision-making delay needed to implement the WSPRT has little to no
effect on the overall performance of the AFLS device. This is caused by the high sampling
rate of current and voltage signals and is generally determined by the given errors of the
first « and second B kind. With a sampling rate that complies with the IEC 61850 standard,
this delay is typically less than 1 ms.

The modified WSPRT can be implemented in the logic block for determining frequency
deviations of the AFLS device to further improve the response speed [44—46].

5. The Use of WSPRT in Automatic Transformer Disconnect Switches

In the case of power transformers operating with a low load factor, the total no-load
losses increase. To reduce the losses, it is necessary to increase the load factor of power
transformers by tripping one of the two underloaded ones. This problem is solved by using
automatic transformer disconnect switches (ATDSs), which monitor and identify the load
curve trends [47].

As operating experience shows, in some periods of time it is advisable to switch power
transformers to reduce active power losses, provided the requirements for the reliability of
power supply to consumers are met [48].

To identify the load curve trends, it is appropriate to use WSPRT in ATDSs. The
main components of the simplest system for load curve trend identification are shown in
Figure 7 [49].

At any arbitrary monitoring time t for the load curve R(t), there are three hypotheses
for the state estimation of this load:

Hypothesis Hj is the event wherein the load R(#) belongs to a downtrend during the
next specified period of time T;

Hypothesis H is the event wherein the load R(t) belongs to an uptrend during the
nearest specified period of time ;

Hypothesis Hyn is an event of uncertainty (“I don’t know”), i.e., according to the
observed conditions R(t), it is impossible to determine whether it belongs to either a
downward trend or an upward trend of the load curve during the next specified period of
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Decision making:
Hoy — downward,
Hi — upward

time 7. It is necessary to perform at least one more observation R(t+At) to choose one of the
hypotheses H; or Hy.

A4S — Total load power, MVA

1
Unknown load curve trend] !
: Load !
. . I 7 1
Monitored operating curve .
P -t I Time
parameters F = { @} ! 1 R
_C >
— U
AW 2 — Monitoring Y
Decision rule ] time ¢ Forecasting
Intelligent device to implement the automation of tune T
connection

Figure 7. Components of the two-hypothesis problem of load curve trend identification for the busbar
sections fed by the power transformer.

The decision-making procedure consists of a certain random number of steps, N,
and requires the time (NAt). One out of the three hypotheses is selected at each i-th step
according to the rule:

Hypothesis Hj is selected if [],—1; A(Rn) > b
Hypothesis Hy is selected if [],,—;; A(Ry) < a 4)
Hypothesis Hup is selected if a < [T,,—1,; A(Ry) < b

where A(R) is the likelihood ratio, which is determined by the equality:

_ pmi(R|Hy)

AR) pro(R|Ho) ’

©)

where pro(R | Hp) is the given density of the probability that the observation R matches
hypothesis Hy, and py1(R | Hy) is the given density of the probability that the observation R
matches hypothesis Hy, and

/ZPHO(R|H0)dR =1; /Zle(R|H1)dR =1 ®)

The thresholds in the comparison procedure (4) are set as follows: a is the lower
threshold, and b is the upper threshold.

Py 1— Py
= 1P Pr

@)

where Py is the given probability of the wrong selection of hypothesis Hy, and Pr is the
given probability of the wrong selection of hypothesis Hj.

After either hypothesis, Hy or H; is selected, and the i-th step becomes the last one:
N=i

The initial information here is only the error probabilities Py, Pr and the probability
density functions pgo(R | Hp) and pyi(R1Hp). Neither costs, nor prior probabilities, nor
any other information is involved in the decision-making. This markedly simplifies the
practical use of WSPRT and is its important advantage.

Consider an example of using WSPRT for the simplest case of one-dimensional obser-
vation space Z (Figure 8a). Let the necessary initial data be given:

e  distribution density function pro(R | Hp) on the interval [0; 0.6] and distribution density
function py1(R 1 Hj) on the interval [0.5; 1.2];
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e the error probability Py; = 0.1 and the error probability Pr = 0.01 (probability values
are taken based on expert estimates).

p — distribution density

4 A(R) - likelihood ratio likelihood ratio A(R)
i A
pm(R | Ho) > o0

7 T e !
1.6 Jersrre s i
1.5 !
8?5 b PRy e s pa1(R 1 H1)
() T R — ‘/\ g,

: 0.6 1.2

Observations Rz =0.52; R2=0.55; R3 =0.57
(a)
Area of selecting hypothesis Hi
b=90 Q""" TTTT T T T m T mmm—mmmo—mm—— e
TTA(R1) =0.5 Area of selecting hypothesis Hun «do not know»
0.051
a=0.101

Area of selecting hypothesis Ho

i — observation step

(b)

Figure 8. An example of using WSPRT in an ATDS: (a)—functions of distribution laws pro(R | Hp),
pu1(R1Hj), and likelihood ratios A(R) in the one-dimensional space of observations Z; (b)—
illustration of the step-by-step operation of the hypothesis selection algorithm.

Then the thresholds a and b, according to (7), will take the values:

Py 01 o po L=Pu _1-01 o0

1P T 1-001 Pr 0.01

Let a series of three consecutive observations of the operating conditions (Figure 7a)
look like this: Ry = R(t) = 0.52 p.u.; Ry = R(t + At) =0.55 p.u.; R3 = R(t + 2At) = 0.57 p.u.
Let us make the first step of selecting hypotheses for observation Ry = R(f) = 0.52 p.u.:
i=1
pH1(R|H1) 0.85
A(Ry) =ARy) = —5—% === =05
nl;I,i (Ra) =A(R) = R~ 17

According to condition (4), hypothesis Hyn (“do not know”) is chosen:

a=0101 < ] A(Ry) =05 < b=90.

n=1,i

Let us perform the second step of selecting hypotheses for observation R, = R(t + At) =
0.55 p.u.:

_ P RIH) 07 46, T[T A(Rx) = A(Ry)A(Rz) = 0.5-0.466 = 0.233.

n=1,i

A(Rz)

~ pHo(R|Hp) 15
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According to condition (4), hypothesis Hyy is re-selected:

a=0101 < J] A(Rn) =0.233 < b =90.

n=1,i

Let us make the third step of selecting the hypotheses for observation Rz = R(t + 2At) =

0.57 p.u.:
pu1(R|Hy) 035
A(R3) = ———F——+—% = — =0.218,
(Rs) pHo(R|Hp) 1.6

[T A(Ra) = A(R)A(Ry)A(Rs) = 0.233-0218 = 0.051.

n=1,i

According to condition (4), hypothesis Hy is chosen (the event belongs to an uptrend):

[T A(Rn) =0.051 <a=0.101.

n=1,i

The selection of hypotheses and decision-making are completed in the third step—
N =3 (Figure 8b).

If at least one observation R; appeared not in the area of intersection of distribution
laws [0.5; 0.6], then this would lead to an unambiguous completion of the decision making:

e ifR;<0.5, then A(R;) =0, and the hypothesis Hy is selected unambiguously (an increase
in the load of the power transformer),

o if R; > 0.6, then A(R;) = 0o, and the hypothesis H; is selected unambiguously (a reduc-
tion in the load of the power transformer).

The principle of using WSPRT for multidimensional observations is totally similar to
the example given for one-dimensional observation.

The developed algorithm for identifying the load curve trend with the help of WSPRT,
which is employed to reduce losses in power transformers, can be implemented in any
intelligent electronic device with freely programmable logic. This device must be equipped
with data communication system complying with the IEC 61850 standard.

6. The Use of WSPRT in Devices for Automatic Control of Power Quality Indices

As noted earlier, along with RES-based generation, process lines of industrial enter-
prises are connected to distribution networks, which are sensitive to deviations of power
quality indices (PQIs) from the standard values [50]. A simultaneous deviation of several
PQIs, which is often observed, can lead to irreversible deviations in process parameters
and the disruption of the production process. This causes losses due to rejected products
and underproduction. It takes a lot of time for some industrial enterprises to remove the
defected products, prepare production lines for restart, switch electrical loads in series, and
control and regulate process parameters [51].

In order to bring legal claims against the owners of distribution networks, that are
responsible to industrial consumers for power quality on the buses, the latter adopt cutting-
edge PQI monitoring systems, which integrate several PQI monitoring devices.

Depending on the power supply diagram of an industrial enterprise and its financial
capabilities, both continuous and selective PQI control systems are introduced. With
continuous monitoring based on the measurements, all PQIs are calculated at each moment
of time at all points of connection of the industrial enterprise to the distribution network.
In the case of selective control in predetermined time intervals and at selected control
points, only the PQIs that are critical for the process lines of the industrial enterprise are
calculated [46].

We propose using WSPRT to implement the PQI control. PQIs will be controlled on an
interval, which includes N samples of current (voltage) signals. Denote by m; 0< m; < N,
j=1,2,...,k) the number of deviations for the j-th PQI and set a random k—dimensional
vector m = (my, ..., mi, ..., my). Let component m; be distributed according to the binomial
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law with parameters 7 and ¢, where g; is the probability of a deviation of the power quality
index m; from the normalized value based on an expert estimate. The provided individual
PQIs are independent from each other, and the law of distribution of vector m takes the form

Pu(m) =TT, Cgl (1= q5)" ™. (8)

Probability assessment g; for a specific industrial enterprise can be obtained relying
on the results of simulation modeling or monitoring of the PQIs in various topology and
operating conditions of the distribution network over a long time interval.

Let us introduce a generalized PQI in the form

¢ = Ljqcimj, )

where ¢ = (cq, ..., Cjs wens cp)T is a column vector of weighting coefficients, which determines
the relationship between losses and power quality violation in the case of individual PQI
deviation.

The simultaneous deviation of several PQIs from the standard values is recorded
according to the estimate of the mathematical mean m; of a random value ¢ [52]. In the
general case, the values of the random variable ¢ can differ from each other at each moment
of time, but the variance of deviations a§2 is a known value, and the mathematical mean
mg on the analyzed time interval is unknown.

For the WSPRT-based control of a generalized PQI, we set such values of mzo and mgq
(mgo < mgsp m mg1 > mgsp) at which the decision on the compliance of the PQI with the
normative values is taken in terms of risk (losses). If mz < mzo, then an erroneous decision
on the non-compliance of power quality is related to the so-called “risk of supplier” (owner
of distribution networks), whereas making a decision on the compliance of the power
quality, if mg > mg1, is associated with the “risk of the industrial consumer.” The area for
which mg€[mgo; mg1] is an uncertainty area.

Let &1, Co, ... be a sequence of the instantaneous values of an observed magnitude ¢,
characterizing the power quality on the busbars of an industrial enterprise. The probability
density of sampling 1, &2, ... , {m, if mg = mgo, corresponds to the expression:

po (m) = (2m0%) el Bty o/, (10)

and, if mg =mgq, to the expression:

pr (m) = (20%) " F el K om0, an

The WSPRT-based control of a generalized PQI involves the calculation of the likeli-
hood ratio at each step by the equality:

~ pi(m) (12)

Step-by-step calculations are implemented as long as the conditions are met

AT (EG—mg)?/ (20%)}

B =
<) = S ) <

A, (13)

where A and B are the values of setpoints like Equation (3) and are calculated by Equation (16).



Energies 2022, 15, 8448 15 of 20

The WSPRT-based control of a generalized PQI ends with a decision on its deviation
from the normalized value if:

o= Ty (&—mzy P/ (20%))

= > A 14
) = S ) = 14

and on the belonging of the generalized PQI value to the permissible range of deviations in

the event that:
el Ly (G- mg1)?/ (20%)}

= <B 15
) = e G e < {13)

Setpoints A and B are determined by the expressions

_ 1= 5, _ B
A=—F;B= (16)

1—ua

A= ﬁ ;B = /S . By finding the logarithm of expressions (13)—(15) and transforming
them, we obtaln

e b =
[mgl mgo] Eéz MSMLE“] (18)
[W]'imw > [ E] 19)

1
. " (”%0 mé) Mgy Mg
Adding the term —— >— to both sides of the inequalities and dividing by =,
we obtain the relations:

O ] e et g g l( g )]ln[l_ﬁbm'(mgl;m@) 0)

Mmg1—Mgo 1—a P— "
m A 0'2 ﬁ m(mgl_FmCO)
z; ‘i< (me—mg) ] g [1 - zx] * 2 (21)
"oE o 1—p] | m(mg +mg)
Zi:l érl < [ (mél_méo) ] In |: X :l + 5 (22)

Inequalities (20)-(22) make it possible to implement the generalized PQI control using
“acceptance” numbers. The “acceptance” number is calculated for each step m of WSPRT
by the expression

o2 ] B m-(mg + mg)
I (mg_mg) | In {1 - 0(:| + 2 (23)

and the “rejection” number is calculated using the expression

B o2 1 11— Bl m-(mg +mg)
b(m) _(mglfmgo) | ln{ . } + 5 (24)
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The numbers (dependences a(m), b(1m)) are calculated in advance and used as setpoints.
The WSPRT procedure is executed until the inequalities are satisfied:

a(m) < Y2 < b(m) 5)
i=1

m
When the sum Y ¢; goes beyond the interval [a(m), b(m)], a decision is made regarding
i=1
the admissibility or inadmissibility of the generalized PQI deviation from the standard

value.

Figure 9 illustrates the process of the WSPRT-based control of the generalized PQI.
Points (m, ;" ; {;) characterizing the decision-making process are plotted on the graph.
Coefficient s, which determines the angle of inclination of the setting limits a(i) and b(m),

corresponds to the expression:
s = (H’I§1 + mgo)/z (26)

A Z . b (m)

i=1
1500 1

Inadmissible deviations
1000 + of generalized PQI

a(m)
500 4 Admissible deviations
114.37 of generalized PQI
04 >
=2 1 2 3 4 5 6 7 8 9
-500 =

Figure 9. The process of the WSPRT-based control of the generalized PQI.

An area between the setpoints on the interval [a(m), b(m1)] is the area of uncertainty, in
which further measurements of operating parameters and the calculation of the generalized
PQI are required.

The analysis of Figure 9 indicates that the process of the control of the generalized PQI
in the PQI control device ends at step m = 7. At this moment, an unambiguous decision is
made about the non-compliance of the generalized PQI with the standard value. The use of
WSPRT in the PQI control device boosts the speed of the algorithm of making a decision on
the value of the generalized PQI deviation (up to three times) compared to the option of
using a fixed sample.

7. Discussion of Results

Separate portions of the distribution network with DG fuel facilities and RES-based
generation facilities can be switched to the islanded mode of operation if the power trans-
mission line connecting them with the power system is tripped. Tripping can occur because
of a short circuit, a voltage dip, or for any other reason, for example, due to human error.

In the case that there is no voltage dip at the time of changeover to the islanded mode
of operation, it is normally possible to provide a balance of active and reactive power in the
portion of the distribution network. This is carried out by emergency and operation control
devices installed at the DG fuel facilities and in the distribution network.

If, however, some part of the distribution network is switched to the islanded mode
of operation as a result of a short circuit, or in the islanded mode, the shutdown of one or
more GUs at the DG fuel facility occurs due to a short circuit, then the consequences will
be more severe. A short circuit causes a rapid braking of induction motors, which leads to
a sharp increase in the reactive load consumed by them and a decrease in voltage.
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Given that the speed of electromechanical transient processes in the islanded mode of
operation of active distribution networks grows dramatically, due to the small values of
the mechanical inertia constants of GUs, the requirements for the speed of power systems
automation devices increase. Time delays in the response of AFLS devices lead to the
voltage avalanche, with the complete shutdown of part of the distribution network.

Typical automation devices in power systems, which include devices for emergency
control and power flow control, as well as electric automation, do not have the technical
capabilities to identify operating regions and adapt operation algorithms to the current
operating conditions. Passive distribution networks did not require this since there was
unambiguous decision-making based on the measured operating parameters. In active
distribution networks, this is a necessity, which requires changes in the logic blocks of the
typical automation devices used in power systems.

The use of WSPRT in the logic block of automation devices is advisable to correctly
identify operating regions. A slight delay in making a decision virtually does not affect the
overall performance of the AFLS device (which is due to the high sampling rate of current
and voltage signals) and, as a rule, does not exceed 1 ms.

The use of WSPRT in automation devices of power systems allows the following:

e in AFLS devices, reliable identification of operating regions under large frequency
measurement errors and PQI deviations from the standard values; and an increase in
the speed of decision-making by eliminating the response delay to provide successful
active power balancing in the distribution network;

e in ATD devices, the reliable identification of a load curve trend based on a minimum
amount of initial information to make a decision to disconnect one of the two operating
power transformers in order to reduce losses in distribution networks;

e in PQI control devices, an increase in the speed of the algorithm for making a decision
on the generalized PQI deviation (up to three times), compared to the option of a fixed
sample, to prevent shutdowns of process lines at industrial enterprises.

8. Conclusions

Typical automation devices employed in power systems do not normally have the
technical capabilities to identify operating regions or adapt operation algorithms to the
current operating conditions.

Delays in the response of automation devices, when they operate in active distribution
networks with DG- and RES-based generation facilities, do not meet the requirements for
speed of response. When triggered with delays, the automation devices not only fail to
prevent the development of accidents but even exacerbate their consequences.

The developed method of using WSPRT in frequency load shedding devices makes
it possible to ensure the reliable identification of operating regions in the case of large
frequency measurement errors and PQI deviations from the standard values, as well as to
boost the speed of decision-making by eliminating the delay in operation.

The proposed method of using WSPRT in devices for automatic transformer dis-
connection provides the reliable identification of the load curve trend with a minimum
amount of initial information to make a decision to turn off one of the two operating power
transformers in order to reduce losses in distribution networks.

The introduced method of using WSPRT in PQI control devices allows boosting the
speed of the algorithm of making a decision on the generalized PQI deviation (up to three
times) compared to the option of a fixed sample used.

In the context of the decentralization of generating capacities, the use of WSPRT in
the logic blocks of automation devices operating in power systems ensures the reliable
identification of operating regions and the adaptation of operation algorithms to the current
operating conditions. Increasing the response time of the automation devices enables a
reliable power supply for the process lines of industrial enterprises.
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Abbreviation

WSPRT Wald sequential probability ratio test

DG distributed generation

GU generating unit

RES renewable energy sources

AFLS automatic frequency load shedding

GRU gas-reciprocating units

PVP photovoltaic power plant

M induction motor

ATDS automatic transformer disconnects switches

SS substation

PT power transformer

IPB infinite power buses

CT current transformer

VT voltage transformer

PQIs power quality indices

Hy hypothesis “normal mode”

H; hypothesis “emergency mode”

Hun hypothesis “ I don’t know “

n(x;) likelihood ratio

o probability of wrong choice of hypothesis Hy

B probability of wrong choice of hypothesis Hj.

a(or A)and b (or B)  setpoints

A(R) likelihood ratio

Py given probability of wrong selection of hypothesis Hy

Pr given probability of wrong selection of hypothesis H;

qj the probability of a deviation of the power quality index m;
from the normalized value based on expert estimate

¢ generalized PQI

a(m) “acceptance” number

b (m) “rejection” number
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