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Abstract: One of the most common power problems today is communication and control delays.
This can adversely affect decision interaction in grid security management. This paper focuses
on communication signal delays and how to identify and address communication system failure
issues in the context of grid monitoring and control, with emphasis on communication signal delay.
An application to solve this problem uses a thyristor switch capacitor (TSC) and a thyristor-controlled
reactor (TCR) to improve the power quality of the Rwandan National Grid (RNG) with synchronous
and PV generators. It is to counteract the negative effects of time delays. To this end, the TSC and TCR
architectures use two methods: the fuzzy logic controller (FLC) method and the modified predictor
method (MPM). The experiment was performed using the Simulink MATLAB tool. The power quality
of the system was assessed using two indicators: the voltage index and total harmonic distortion. The
FLC-based performance was shown to outperform the MPM for temporary or permanent failures
if the correct outcome was found. As a result, we are still unsure if TSC and TCR can continue to
provide favorable results in the event of a network cyber-attack.

Keywords: communication and control; Rwandan National Grid (RNG); fuzzy logic controller (FLC);
power quality; modified predictor method (MPM)

1. Introduction

The modern grid has a large number of controllers in the measurement of electricity
that are widespread in different parts of the world, such as generation, transmission, and
distribution, for which control and construction often lead to delays in communication [1].
As the system becomes more complicated, new technology phasor measuring units (PMUs)
are created to measure dynamic data from the power system, such as voltage, flow, demand
angles, frequency, and power factor. Global positioning system (GPS) satellites synchronize
all the collected information with PMUs. Signals such as voltage response, speed response,
rotor angle, and so on are evaluated and transmitted to the control center. Because the
PMUSs must send signals to the control center, they depend on various communication
infrastructure [2], which introduces time delays. Delays between the moment of measure-
ment and the signal reaching the controller are generally in the nanoseconds to seconds
range, depending on location, structures, and various other parameters [3,4]. The quality
of the electricity supplied to a customer is referred to as power quality [5]. In order to
maintain the reliability and cost of electrical machinery, it is necessary to maintain and
improve the comfortable energy of the machine. In this article, we use a combination of
a thyristor switch capacitor (TSC) and a thyristor-controlled reactor (TCR) [6-8] to make
an energy-friendly improvement for a hybrid machine. The total voltage deviation (TVD)
at the point of common coupling (PCC) is sent to the TSC and TCR controllers. All of these
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measurements are collected and delivered via the PMU. This causes a delay and delays the
controller input.

Previously, several studies on the effects of time on the control mechanism and feeding
system have been performed [5,9-12]. Furthermore, several studies have been performed
with the aim of minimizing the negative impact of delays on system performance [13-17].
All of these available solutions to mitigate the effects of delays are considered to be ongoing
delays, time-varying delays, or random delays [4].

The inter-area oscillations of a multiarea-linked power system could be successfully
suppressed under the impact of time-varying delays on a wide-area communication net-
work, according to Li et al. [18]. Bilinear transforms were used to obtain a discrete-time
model of a long-range attenuation controller. Zappone et al. proposed a new approach to
power control for wireless networks [19]. This approach optimized both the energy effi-
ciency and the latency of the communication together, taking into account the quality of the
service constraints associated with the maximum bit error rate or the minimum achievable
bit error rate [19]. Sargolzaei et al. concentrated on time delays introduced into the control
system by hackers to destabilize the system, and a time delay estimator was modified
using an indirect supervisor and a modified minimum average. A squared minimization
technique that tracked the time delay introduced by an attacker used model reference con-
trol [20]. Alexander et al. proposed an enhanced time delay compensator (ETDC) approach
that managed varying time delays, introducing the perspective of network latency instead
of dead time; also, the ETDC took advantage of real signals and measurement transmission
procedures in WAMS, building a closed-loop memory control for the power system [21].
The authors of [22] addressed the time delay effect of wide-area monitoring and control
systems (WAMCS) in smart power grids, which can have a significant impact on system
stability. The main purpose was to perform a detailed WAMCS delay analysis in the event
of a network failure.

In addition, [23] addressed the issue of delay minimization for wireless sensor network
(WSN) relay-based delay minimization routing (DMR) and cooperative delay minimization
routing (CoDMR) issues. This work suggested a greedy technique for finding a workable
DMR and CoDMR scheme with low overall total energy cost, energy balancing, and latency
when using binary fields. In [24], Hai proposed a time synchronization solution based
on time division long-term evolution (TD-LTE) frame synchronization to improve the
accuracy by correcting the delay caused by the radio propagation path. In this work, Padhy
described a time delay compensation (ATDC) method’s system, structure, features, and
implementation strategy, as well as timing accuracy. In [25], a compensation technique was
proposed that took into account the time-varying delay of wide-area power grid stabilizers.
In this task, Zhang considered splitting a finite random delay into multiple delay intervals
and designed a compensator for each interval. In addition, a predictive-based hierarchical
delay compensation method was proposed at the data-processing level to handle delays in
a wide-area control system (WACS) power system [26].

Although, as mentioned earlier, much work has been conducted on time delay impact
and techniques for minimizing it, most of these analyses have been performed in the steady
state of the power grid. None of the studies has looked at the influence of time delay, as
well as how to reduce the negative impacts of a delay by using a TSC and TCR approach in
the event of a failure to enhance power quality under fault situations.

Predicated on this context, this paper presents two methods, a fuzzy logic controller
(FLC)-based method and a modified predictor method, to reduce the harmful effects of
time delays on power quality management with a combined thyristor switch capacitor
(TSC) and a thyristor-controlled reactor (TCR) for reactive power compensation in the
situation of a hybrid electric grid comprised of sequential and changeable irradiances
with a temperature PV plant. The FLC method was chosen because it can manage the
nonlinear behavior, instability, inaccuracy, or fluctuation of input parameters and allows
for the incorporation of expert knowledge into control rules [2,16,17,27,28]. This type of
controller works well under shifting system parameters and with moment signals. In terms
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of reducing the negative impacts of temporal delays, the FLC-based technique outperforms
the modified predictor method. Two indices are utilized to evaluate the system’s power
quality: the voltage indication and the total harmonic distortion (THDu). At several sites in
the electrical network, such as the Kigali National Grid (KNG), temporary and permanent
faults, both balanced and unbalanced, are investigated.

The following is the structure of this paper: Section 2 covers the proposed study’s
Kigali National Grid power system model. Section 3 discusses communication delays with
the combined TSC and TCR controllers. Section 4 discusses ways to reduce communication
delays. The simulation findings are described in Section 5. Finally, Section 6 gives this
paper’s findings.

2. Kigali National Grid Description

Generally, the study shows an analysis of the performance of a region (surrounded
by a red marker) with one central, regional power station in central Rwanda in the Great
Rift Valley of central Africa where the African Great Lakes region and east Africa converge,
and the behavior in the electricity map is as shown in Figure 1. The solution is based
on the Kigali National Grid (KNG) system and includes the integration of a PV farm, as
illustrated in Figure 2, to test the suggested technique’s applicability to a complex power
system. The details on the network data, generators, excitation systems, and PSSs are as
follows. Generators 1-6 had local PSSs installed. The PV farm is located near the SS9 Mount
Kigali substation.

RWANDA ELECTRICAL GRID INFRASTRUCTURE =DCL

Administrative Boundaries: NISR, 2012
Landeover; REMA&ZRNRA, 2012

Electricity Data: REG\EDCL
Compiled and Froduced by Energy Planning DeparimentEDCL
& All right reserved o REGEDCL
January, 2018
60 30 0 G0 Km

Figure 1. Estimated location of electricity transmission and distribution network. Source: REG [32].

The automated voltage regulator and the governing control models were installed on
synchronous generators. This system had eleven substations that were linked together via
transmission lines. In addition, twenty loads, such as Load 1, Load 2, and Load 20, were
connected at separate buses. Loads such as Load 5, Load 13, and Load 16 employed in the
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case study were voltage-stiff nonlinear loads [29-32]. Section 6 demonstrates and explores
the nonlinear characteristics of nonlinear loads, i.e., the harmonic spectra of these loads.
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Figure 2. Kigali National Grid system with five coherence areas.

In this research, a 94-Mvar thyristor switch capacitor (TSC) bank and a 109-Mvar
thyristor-controlled reactor (TCR) bank linked to the Mount Kigali SS9 bus substation
through the secondary side of the transformer were employed to improve the power
quality. The measurements utilized in the hybrid system stated above may be found in the
study’s appendices, and the solar power plant had a capacity of 0.25 MW. Table 1 provides
an overview of the model’s many components. Transmission and distribution voltage
ranges ranging from 110kV to 15 kV are included in the present model. Rwanda’s highest

voltage network is now 110 kV, with the intention to upgrade to 220 kV soon [33].

In this study, we used data collected from the Energy Utility Corporation Limited
(EUCL) of the Rwanda Electricity Group (REG). The data collected were intended to match
the output of the algorithm used. With regard to freight and emergency analysis, we
collected information on the real power and causes of the bus and cargo buses, as well
as the real energy needed and the distribution. The details of the research are attached
to the back pages of this report [30-34]. The use of data from the Utility Data Center and
the Power National Dispatching Center is recommended for full access to the information

required for this research.
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Table 1. Number of components in system model.

Devices Numbers
Substations 11

Shunt Reactor 1
Capacitor Bank 2

Buses 69
Machines 6

Loads 20
Branches 13
Two-winding transformers 27

PV System 1

3. Communication Delay Issues with Combined TSC and TCR Controller

As demonstrated in Figure 2, TSC and TCR can be utilized in tandem to govern the
reactive power flow from the source to the loads. The separate modules are connected
together to provide maximum flexibility to the consumers’ loads by concurrently changing
the switching of the capacitor banks in discrete numbers in the TSC branch and constantly
modifying the flow of the current in the inductor in the TCR branch. It is possible to obtain
completely stepless control by coordinating the control between the continuous reactor and
the capacitor stages (which are discrete).

Dynamic control strategies of coupled TSC and TCR methods have continuous control,
almost no transients, and reduced harmonic production (due to the regulated reactor
rating being tiny in comparison to the overall power flow) with control and operation
flexibility [35,36]. The drawback of the TSC-TCR method compared to TCR- and TSC-type
compensators is the greater installation cost; nevertheless, the cost can be repaid in a shorter
period of time: in the long term, this plan is more cost-effective than paying the Electricity
Authority for KVA demand charges on a regular basis. A static VAR system compensates
for reactive power delivered into the line in a rapid, smooth, and stepless manner. It
guarantees that bus voltages are accurately controlled throughout a wide variety of loads.

3.1. Combined TSC and TCR Model

The TSC-TCR was linked to the general grid line, as indicated in Figure 3. Six thyristors
were linked to the capacitor, while the other six were connected to the inductor [37]. The
thyristors were used to convert these capacitors. The reaction capacitor’s capacitance, C,
was 94 Mvar, while the inductor’s capacitance was 109-Mvar. It only worked when the
error rate between the voltage lines was more than 2%. The controller’s output was alpha
(<), which was used to modify the thyristors” pulses. The control of switching TSC and
TCR for fuzzy input is shown in Figure 4. It is worth noting that this one-of-a-kind fuzzy
controller could help assist other delay reduction approaches, such as PSS and PSS fuzzy.

: : =

P

Loct
Gre

Can

|
c

§
|

TCR

T

Figure 3. TSC-TCR 3-phase circuit diagrams with grid connection concept.
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Figure 4. Control block for switching of TSC-TCR.

3.2. Causes of Electrical Network Communication Delays

Connectivity delays in the hybrid power grid include signal transmission from the
PMUs to control centers, as well as from the control centers to controllers, analog-to-digital
conversion, online calculation of the global input variables, and signal-time synchroniza-
tion utilizing GPS. As a result of these delays, controller and system performances suffer [1].
In wide-area control system communication networks, data are sent in packets. Serial
delays, defined as the time elapsed between two consecutive bits of data supplied, are one
type of temporal delay [38]. A different type of delay is between packet serial delays, which
are defined as the time gap between two consecutive data packets. The time it takes for
data to be transferred through a network and then resent to another location is known as
a routing delay. The time it takes to send data via a communication channel is known as
a propagation delay. As a result, the following equations can be used to express the entire
time delay:

T:T5+Tb+Tp+Tr (1)
Ps

Ts = — 2

s= D, )

T, =1 @)
L

where T; is a sequential delay; Tj, represents a difference between the latency; T}, is a phase
delay; T; is a transportation delay; P; is packet size (bits/packet); D; is the data transmission
rate; [ is the length of the network connection; and v is the data transmission speed [39].

3.3. TSC-TCR Controller Time Delay Issue

Figure 5 displays the TSC’s GPS-based shut control system. The controller input was
gathered from the control center, as shown in Figure 5, and delays were created throughout
the signal transmission, causing the production of such a controller output (alpha) to be
delayed, reducing the system’s power quality. Figure 5 depicts the GPS-enabled feedback
control. It is also important to note that such delays affect both the transmission and
distribution connections. As illustrated in Figure 5, the speed equivalent signal from each
generator was routed through filters and an A/D adapter. The digitalized rate equivalent
signals from the generators were then routed to a central control office, where they were
synced using a GPS receiver. The synchronized signals were used to calculate the total
W and time derivatives of TKED. The time derivative of the TKED signal was then given
as data output to the other fuzzy controller input. In this case, the instructions could be
transmitted and received by wireless or fiber optic methods.
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Figure 5. GPS-enabled shuttered monitoring system.

3.4. Performance Expectations

Additionally, temporal delays were introduced during the continuous computation
of such partial derivatives for the TKED, due mostly to either data propagation across
optical fibers or wireless methods, A/D transition, or determination of the W cumulative,
as well as period derivation of the TKED or signal data communication using GPS. Time
delays could have an influence only on control logic, affecting the minimization of shaft
torsional oscillations. As a result, while studying a decrease in the shaft torsional waves,
such constraints must be considered. In most circumstances, time delays might vary
from several microseconds to a few more hundred milliseconds [38-41]. Comprehensive
simulations were performed in this work, utilizing a variety of common time delay settings.
Section 5.2 describes some of the simulated occurrences that corresponded to a 900 ms
significant delay.

4. Modeling the Problem to Suggest a Solution, Including Developing
Communication Delay Reduction Solutions

4.1. Method Using FLC

A two-input-based FLC method was used in this work to reduce the negative impacts
of time delays on the TSC performance. The FLC inputs were the voltage-level fluctuations
at the PCC and V, as well as the latency of the control input (D). The controller’s output
was alpha («), which was the thyristor’s firing angle. The signal delays ranged from 100 to
900 ms during the controller design phase, which covered all the practical scenarios [40,42].
The following is a description of the planned FLC.

During the fuzzification process, the membership grade was determined. Both the inlet
and outlet triangles formed control parameters, as depicted in Figures 6 and 7, and were
obtained after a sequence of trial and error. It is worth mentioning that, when additional
fuzzy measures were set, such as nonlinear regression features, and were examined and
tried, the system functioned admirably. Unfortunately, in several cases, the input and
output membership algorithms produced great outcomes. This is why triangle membership
functions were used for this study. Figure 6 depicts the symbols NB (negative large), NM
(negative medium), Z (zero), PM (positive medium), PB (positive big), N (negative), and P
(positive). In Figure 7, the membership functions of the thyristors’ firing angle (alpha), are
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NB, NM, Z, PM, and PB. Throughout this work, one continuity formula [41] was used to
determine the degree of crisp values:

Hai(x) = (b —2[x —al) 4)

S| =

where pi4;(x) is the value of the membership grade; x is the value of V and D; a is the
position where the membership grade is one; and b is the length. In this work, Table 2 shows
15 guidelines for items such as the independent variables, V, and the outcome variable.
The management guidelines were published with a certain system functioning, as well as
a defect-detecting technique.

LE o

LR o

T

LR ] o

09p=

08—

0.7~

06—

0.5

04

03~

0.2

01

0 0.05

0.15

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
(b)
Figure 6. Fuzzy controller input membership function: (a) AV and (b) delay.

Table 2. Membership functions of input and output.

AV

D NB NM z PM PB
N PB PM Z NM NB
Z PB PM z NM NB
P PB PM z NM NB
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Figure 7. Membership functions of fuzzy controller linear output.

Formula (5) indicates the extent of conformance W; of every fuzzy set using Mam-
dani’s technique [41]:

Wi = 1ai(AV) X pgi(D) ®)

where p4;(AV) and up;(D) are membership grade values, and i is the provision of the

section. The following middle-area approach was used to compute the thyristor firing
angle, «:

W;C;
X=
W;

where C; is the fuzzy-logic-based table’s value for .

(6)

4.2. Adapted Predictor Method

The signal in Figure 8 was adjusted for transmission delay using the suggested im-
proved predictor approach before being sent to the controller. Figure 9 depicts the flow
diagram for the updated predictor approach. Before sending the delayed signal into the
controller, the prediction method’s algorithm could alter it to the original curve. The
prediction approach was versatile in that it could adapt to any controller. If the time delay
was t, the predicted AV could be determined given the level in comparison, the previous
recorded points, and the estimation [43].

AVy = AVprevious + taAVC )
AV — AV(kfl)
AV =——1-—"-=
v A 8)

with p indicating the predicted position; k representing the observed location position; ¢
representing a steady value; and AV representing the rapidity at which the controller’s
signal changed. ¢ was 0.25, as determined through trial and error.

signalAV ta —
Signal delivered Predictor T nput Fuzzy
Controller

Delayed
signal

Figure 8. Predictor model.



Electronics 2022, 11, 3114

10 of 21

Irradiance (W.’mz)

Temperature (Deg)

Y

000
800
600
400
200

45
40
35
30
25

— A/D Converter

Calculation

v

Predictor

_I Input to Controller I

Figure 9. The improved prediction method’s diagram layout.

5. Simulation Results and Discussion

This study investigated the effect of latency issues on the effectiveness of a TSC-TCR
device for increasing hybrid power system efficiency. The suggested method was simulated
as described in this section using 64-bit MATLAB version 2020a.

5.1. PV Jali in Grid-Following Mode, PQ Control, and Irradiance Variation

As can be seen from the Figure 10 results, our grid had a Jali PV plant that was based
on SS9 Mount Kigali. In its operation, it was based on input conductions of temperature
and irradiance; therefore the temperature had a range of 25-45 °C, and the irradiance had
a range of 200-1000 W/m?. Figure 10 shows how the Vj, and P, changed depending on
temperature and irradiance, and the measured values at 10 s (on-grid) show that active
power and reactive power were required for Load 20 and Filter C before working with the
grid on SS9 Mount Kigali. By examining the grid, it appeared that there was a power drop,
but it was able to support Load 20. Moreover when it was completely off, it can be seen
that there was a disturbance in the measurements obtained from all the G1-G6 generators.

EEE====cc=t

4 6 8 10 12 14 16 18 20
Time in second

Figure 10. Variations in Jali PV module parameters with irradiance and temperature.

Table 3 shows the simulated power flow results for a solar panel connected to the
electric network at various levels of solar irradiance with demand. As demonstrated in
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Table 3, the power generated by the solar panel was related to its solar irradiation. There
were several types of testing. The first alternative was that, when the PV system’s output
power exceeded the power load, the excess electricity was consumed by the utility grid. The
second option was that, if the PV system’s power generated equaled the power demand,
no power would be supplied to the grid. Once the energy generated from the PV plant was
inadequate for self-sufficiency, in the third situation, the solar panel and the grid would be
shared to provide the load. As shown, employing around 30 °C with 400 W/m? provided
us with the optimum option to serve our utility grid based on Mount Kigali S59.

Table 3. Power flow simulation results for the planned system with various levels of solar irradiation.

Tem Irradiati Active Power (Kw) Load

No poerature rra 1at;0n Ve (V) Py (Kw) Capacity
Q) (W/m?) PV Grid (Kw)
4 45 1000 481.2 2415 117.5 —132.5 250.8
3 35 600 493.4 148.6 730.6 —50.9 780.9
2 30 400 497.2 99.75 489.6 356 133.6
1 25 200 495.9 49.67 245.9 —245.9 300.4

Figures 11 and 12 show how the grid behaved at different times. For example, in
Figure 11 the PV was removed when there was an example r separated by the grid and
operating at 45 degrees and 1000 degrees of irradiance. These changes were observed from
0 to 18 s and affected the active power, reactive power, Py, and V. grids.

Vdc mean (V)

Pdc mean (kW)

0 2 4 6 8 10 12 14 16 18 20
Time in second

Figure 11. P;, and Vj;, grid-connected PV inverter power conversion signal with four steps of irradiance.

x10%
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A ]
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Figure 12. PV active and reactive power outputs.
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5.2. Effect of Time Delay without Minimization Methods

The modeling tests showed how much communication latency was accepted by the
system in order to maintain the system stability. The impact of time delay was assessed
from the following perspectives: without communication delay, as well as with the lowest
and maximum communication delays that the system could tolerate in order to maintain
acceptable performance. When there was a delay of 900 ms in the generator, the system
responded to the failure scenario (G1-G6). As seen in the graph, due to the delay, it took
the controller longer to detect the defect and respond to it. The controller could still provide
a strong damping performance and efficiently compensate for the delay.

When there was a delay of 900 ms in the generator (G1-G6), it took longer for the
controller to respond to the issue. The controller still provided sufficient damping per-
formance. The entire Kigali National Grid (KNG) system, however, grew unstable. The
simulation findings from the study implied that low latency communication was required
to preserve the system’s stability. The longer the communication latency, the slower the
control operations, which could lead to power system instability and oscillation. The
control system experienced increased system overshoots and longer settling times when
network delays grew from 100 ms to 900 ms.

Figure 13 of the active power and reactive power shows how different changes oc-
curred on the grid when the shunt reactor and the two capacitance banks started to work
from 10 s when there was a 7 s inundation of the PV system. At 18 s, there was an impact
when the Jali PV plant was disconnected.
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Figure 13. System responses to fault scenario with constant time delays of 900 ms (a) and 100 ms (b).

20

5.3. The Proposed Method’s Performance in Terms of the Voltage Index

In this work, the influence of latency upon the performance of only one fuzzy-regulated
TSC-TCR was first explored. It was determined that raising the controller signal’s significant
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Voltage at PCC (V)
)

Voltage at PCC (V)
o

delay decreased the controller’s performance. The voltage responses at the PCC for both
permanent and temporary three-line-to-ground (3LG) failures at location A without any
controller, no latency, and a 900 ms delay are shown in Figures 14 and 15. Table 4 displays
the voltage indicators for such 3LG faults at sites A, B, and C. The indices in Table 5 show
that the delay time degraded the efficiency of the TSC-TCR controller.

[——Voltage at PCC for 3LG Perment fault with 900ms delay
——Voltage at PCC for 3LG Perment fault with

—Voltage at PCC for 3LG Perment fault with Fuzzy Method

1 1 1 1 1 1 1 1

104

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time in second

Figure 14. 3LG permanent faulty PCC voltage at location B.

——Voltage at PCC for 3LG temporary fault with 900ms delay
—Voltage at PCC for 3LG temporary fault with Predictor

——Voltage at PCC for 3LG temporary fault with Fuzzy Method

1 1 1 1 1 1 1 1

0.2

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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Figure 15. 3LG temporary faulty PCC voltage at location B.

Table 4. Voltage indices.

. 1-Input
. No Predictor 1-Input
Fault Type Fault Point Controller Method Fuzzy Fuzzy + 900
Ms Delay
A 0.2201 0.1975 0.1797 0.1904
3LG B 0.2035 0.1932 0.1772 0.1892
Term C 0.2201 0.1961 0.1798 0.1905

As previously stated, with the efficiency of a suggested delay reduction strategy, the
voltage index V4., presented below was used, where AV represents the total voltage
variation of the generators, and T represents a simulation period of 20.0 s. The smaller the
index value, the higher the functionalized value:

T
Vindex :/0 |AV|dt )

Table 5 shows the voltage indices at the PCC during permanent and temporary 3LG
faults with delays approaching 900, 700, 500, 300, and 100 ms at power system locations
A, B, and C using the modified predictor-delayed minimization strategy, as well as the
fuzzy-regulated delayed reduction technique. The result indicators clearly show that fuzzy-
controlled methodologies with updated predictor techniques were helpful in decreasing
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latency issues while improving the system voltage stability. Furthermore, the enhanced
prediction approach was outperformed by the fuzzy-regulated strategy.

Table 5. Voltage indices at PCC.

Delay Fault Voltage Indices at PCC
Fault Type ) .
Value Point No Compensation I;f:&f;gr l\iztzlfgd
A 0.2201 0.1967 0.1797
3LG B 0.2035 0.1942 0.1772
Temp C 0.2201 0.1968 0.1798
900 ms A 0.1973 0.1897 0.1727
3LG B 0.0521 0.0189 0.0172
Perm C 0.2088 0.1897 0.1727
A 0.2265 0.1990 0.1823
3LG B 0.2079 0.1943 0.1773
Temp C 0.2265 0.1991 0.1741
700 ms A 0.1975 0.1911 0.1741
3LG B 0.0660 0.0169 0.0132
Perm C 0.1975 0.1911 0.1741
A 0.2085 0.1975 0.1805
3LG B 0.2072 0.1932 0.1762
Temp C 0.2213 0.1961 0.1791
500 ms A 0.1885 0.1881 01711
3LG B 0.0848 0.0218 0.0048
Perm C 0.1885 0.1463 0.1293
A 0.2105 0.1984 0.1804
3LG B 0.2060 0.1927 0.1747
Temp C 0.2168 0.1948 0.1768
300 ms A 0.1960 0.1897 0.1717
3LG B 0.0715 0.0482 0.3213
Perm C 0.1995 0.1866 0.1656
A 0.2030 0.1947 0.1767
3LG B 0.2019 0.1889 0.1720
Temp C 0.2140 0.1920 0.1742
100 ms A 0.1857 0.1766 0.1596
3LG B 0.1117 0.0566 0.0405
Perm C 0.1664 0.1489 0.1472

A three-phase failure occurred on the Ndera and Gasogi Lines (Line 3-8) for 0.009 s
between t; = 1 s and t; = 0.009 s. The usefulness of TSC-TCR with the fuzzy logic control
was demonstrated in this model. Figures 15 and 16 depict fuzzy TSC-TCR modelled using
Simulink/MATLAB. When a fault occurred, the TSC-TCR attempted to sustain the voltage
by injecting reactive power onto the line if the voltage fell below the reference voltage
(1.009 pu). With the fuzzy (TSC-TCR) controller in the system, the PCC terminal voltage
oscillated less and stabilized faster, as shown in Figures 14 and 15. When Lines 2-8 failed
because of fault B, the terminal inter-area voltage V amounts of inter-areas 1-2, 2-3, 1-3,
and 1-4 were also affected, as shown in Figures 14 and 15. Figure 15 shows that the system
was constructed with a fuzzy (TSC-TCR) controller. At t, = 1.009, 0.2 s after the fault was
cleared, the controller stabilized the active power differential faster.

Table 6 demonstrates the PV generator voltage indices for both temporary and perma-
nent 3LG faults at power system locations A, B, and C with 900, 700, 500, 300, and 100 ms
delay for the fuzzy-controlled delay reduction approach and the improved predictor-
delayed optimization methodology. According to indicators, fuzzy-controlled techniques
with predictive methods could minimize the delay and improve the voltage profile in
the hybrid grid. The improved predictor approach, on the other hand, outperformed the
more-fuzzified, regulated strategy.
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V inter areas (V)

Time in second
Figure 16. Inter-area voltage for 3LG permanent fault at location B.

Table 6. Voltage indices of PV plant.

Delay Fault Voltage Indices at PCC

Value Fault Type Point No Compensation Predictor Fuzzy
Method Method

A 0.2128 0.1898 0.1698

3LG B 0.2055 0.1966 0.1776

Temp C 0.2128 0.1976 0.1776

900 ms A 0.1090 0.1060 0.0789
3LG B 0.1651 0.1551 0.1351

Perm C 0.1828 0.1091 0.0891

A 02126 0.2084 0.1894

3LG B 0.2043 0.1978 0.1778

Temp C 0.2265 0.1992 0.1802

700 ms A 0.1059 0.1093 0,0893
3LG B 0.1659 0.1560 0.1352

Perm C 0.1827 0.1093 0,0893

A 0.2128 0.2097 0.1897

3LG B 0.2044 0.2004 0.1814

Temp C 0.2128 0.2035 0.1845

500 ms A 0.1061 0.1095 0.0895
3LG B 0.1669 0.1406 0.1216

Perm C 0.1819 0.1095 0.0895

A 0.2032 0.2059 0.1876

3LG B 0.2042 0.2053 0.1844

Temp C 0.2085 0.2056 0.1846

300 ms A 0.1059 0.1091 0.0891
3LG B 0.1655 0.1594 0.1384

Perm C 0.1678 0.1095 0.0895

A 0.2089 0.2090 0.1872

3LG B 0.2110 0.2066 0.1756

Temp C 0.2135 0.2080 0.1915

100 ms A 0.1062 0.1094 0.0894
3LG B 0.1664 0.1597 0.1297

Perm C 0.0111 0.0109 0.0074

5.4. Plot Performance of Proposed Risk Mitigation Methods

Figures 16 and 17 represent voltage changes at the PCC as a result of both 3LG tempo-
rary and permanent failures at location A with a 900 ms delay. The responses show that
delayed minimization techniques worked well and enhanced the power performance of
the system. In terms of improving hybrid grid power quality, the results also suggest that
the fuzzy-logic-controlled strategy beat the modified predictor method. The proposed ap-
proach’s efficacy in limiting the negative impacts of delay and enhancing the system power
quality was proved. Therefore, the fuzzy-logic-controlled technique beat the improved
logic-controlled predictor method. Figure 18 shows the fluctuation in the active power of
the generator in the test system (G1-G6). When the three-phase failure occurred, at t; =1
the two generators immediately dropped out of the synchronization process.
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Figure 17. Inter-area voltage for 3LG temporary fault at location B.
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Figure 18. Output active and reactive power for 3LG permanent fault at location B with constant
time delays of 900 ms (a) and 100 ms (b).

5.5. THD Performance of Suggested Minimization Methods

Equation (10) depicts the total harmonic distortion of the PCC voltage. The THD
compares the harmonic currents to a basic element of the voltage or current signal [44], in
which V1 is the fundamental voltage, while V2, V3, ..., V}, represent cognitive harmonic
parts of the PCC voltage [4]:

V4V 4. +V3)
Vi

THDu =

x 100% (10)

Table 7 shows the THD values for both temporary and permanent 3LG faults with 900,
700, 500, 300, and 100 ms delays for the predictor latency reduction approach with the type-
2 fuzzy delay reduction method for power system sites A, B, and C. According to the THDu
results, the fuzzy-regulated technique and the prediction method both efficiently minimized
the delay effects and increased the system power reliability. In contrast, the enhanced
predictor strategy outperformed the fuzzy logic steady electric approach. Furthermore, the
oscillations presented a positive way to decrease harmonic currents in the voltage, at which
the THDu in the PCC with had no control system with the modified predictor controller,
although with type-2 fuzzy controller was proposed in the case of a 3LG temporary fault at
location A for the 900 ms delay. The harmonics were shown to be reduced in the settings
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of the recommended controllers. Furthermore, the enhanced prediction approach was
outperformed by the fuzzy-regulated strategy.

Table 7. Total harmonic distortion at PCC.

Delay Fault Voltage Indices at PCC
Fault Type ) .
Value Point No Compensation I;f:&f;gr l\iztzlfg’d
A 1.5086 1.2950 1.2587
3LG B 1.6314 1.6116 1.5076
Temp C 1.5012 1.2954 1.2591
900 ms A 3.0263 21098 1.8618
3LG B 1.6136 1.0170 1.0043
Perm C 3.0570 2.3504 2.1024
A 1.5991 1.3768 1.3405
3LG B 1.5934 1.2957 1.2594
Temp C 1.5856 1.2186 1.1823
700 ms A 5.9040 43510 3.6399
3LG B 4.8460 1.6722 1.5682
Perm C 5.9040 1.4579 1.3559
A 0.7082 0.2515 0.3256
3LG B 1.4309 0.2999 0.3412
Temp C 1.2684 0.2515 0.3256
500 ms A 8.4230 5.8590 53300
3LG B 33157 21337 1.8857
Perm C 8.7550 5.9864 5.4574
A 11173 0.2832 0.3489
3LG B 1.2487 0.6805 0.7429
Temp C 1.2663 0.2145 0.3045
300 ms A 6.3820 45632 43752
3LG B 3.9496 21593 1.9713
Perm C 5.5660 3.8029 3.1509
A 1.0109 0.3693 0.3861
3LG B 1.2750 0.3627 0.3854
Temp C 1.2105 0.2981 0.3124
100 ms A 5.3580 46171 41621
3LG B 3.5670 3.1431 24911
Perm C 3.3347 3.0456 2.9016

Each of these methods was useful in assessing the impact of antitraumatic activities
caused by errors occurring in three different locations. Thus, Table 8 outlines the pros and
cons of each, indicating the advantages and disadvantages of certain approaches.

Table 8. Advantages and disadvantages of FLC and MPM control techniques.

Approach’s Advantages Disadvantages

1. FLC is not useful for

1. Uncertainties could be programs that are much

handled to

smaller or larger than

. the historical data.
a certain level. 5 Poor ability t
Good robustness ’ oor abiiity to
Fuzzy Logic Control Method (high-precision THDu), gegerahze outside the
. training range.
strong anti-interference
3. For more accuracy,

ability, no need for
precise models.

needed more fuzzy
grades, which results in
exponentially increasing
the rule.
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Table 8. Cont.

Approach’s Advantages Disadvantages

1. Provided good
performance (THDu),

especially when having 1. Heavy calculations, not
Modified Predictor Method very small changes AV, suitable for fast,
at location B. time-varying systems.
2. Strong robustness, low

requirements for
model accuracy.

5.6. Nonlinear Load Harmonic Spectrum

The study’s harmonic power flow types were employed for network distribution
in three-phase balanced and unbalanced categories. At the specified time domain, the
coordinating force was applied. Connectivity was also achieved in a number of other
harmonic modes. The previous harmonic list employed in the research included seven
spectra. Figure 19 depicts the harmonic spectra in the form of the voltage, current, and
nonlinear properties of the PCC employed in this investigation.
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Figure 19. Harmonic spectra of voltage in PCC for (a) no control, (b) predictor controller, and (c) fuzzy
controller methods.
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5.7. TSC-TCR’s Cost-Effectiveness

Surprisingly, TSC-TCR is an expensive tool that is becoming increasingly important
in energy systems due to key features such as high speed, efficiency, and real-power
management capabilities, among others [25-35]. Depending on their potential benefits and
the environment, parts of the TSC-TCR system are expected to offer better storage and use
to facilities in the future [36—40]. While the price of the TSC-TCR components may appear
high at the moment, long-term research and development is expected to lower prices and
improve grid security technology.

6. Conclusions

The impact of time delays on a mixed electric grid was investigated in this work,
and two approaches for minimizing the bad consequences of latency affecting TSC-TCR
electric improvements were proposed. Temporary and permanent faults, both balanced and
unbalanced, were considered at various locations throughout the power network. Based
on the simulation results, the following conclusions and recommendations can be drawn:

(1) The presented strategies were suitable in minimizing the negative impact of significant
delays on the hybrid power system power quality improvement;

(2) Inmost cases, fuzzy-controlled methods represented excellent alternatives to modified
predictor methods;

(38) It was possible that the burden could be controlled if the response was fast (less than
1's), which could help in inertia response;

(4) The plan to use SVCs and shunt reactors is not enough when using TSC-TCR (in the
REG situation of resolving the Shango SS1 and Bugesera SS11 connection problems).

Other creative techniques, such as genetic algorithms and branch-and-bound methods,
should be developed and evaluated in the future, allowing the application of fuzzy MPC
methods to reduce the detrimental impact of random delays. In addition, delays caused by
cyber-attacks should also be evaluated, as well as relevant mitigation strategies. Moreover,
it would be fascinating to demonstrate the efficacy of the suggested approaches in a big
power grid, such as the IEEE 118-bus test system and others, where THDu values can
exceed 10%.
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