o ey z
<@ sustainability ﬂw\p\py

Article

Modeling and Simulation of the Anticipated Effects
of the Synchronous Condenser on an Electric-Power
Network with Participating Wind Plants

Famous O. Igbinovia 1,* Ghaeth Fandi 1©, Ibrahim Ahmad 1, Zdenek Muller ! and
Josef Tlusty 12

1 Department of Electrical Power Engineering, Czech Technical University (CTU) in Prague, Technicka 2,

Praha 6—Dejvice, 166 27 Prague, Czech Republic; fandigha@fel.cvut.cz (G.E); ahmadibr@fel.cvut.cz (I.A.);
zdenek.muller@fel.cvut.cz (Z.M.); tlusty@fel.cvut.cz or tlusty@fbmi.cvut.cz (J.T.)

Department of Health Care Disciplines and Population Protection, Faculty of Biomedical Engineering,
Czech Technical University in Prague, Sportovct 2311, 272 01 Kladno, Czech Republic

*  Correspondence: igbinfam@fel.cvut.cz or famousigbinovia@yahoo.co.uk; Tel.: +420-731-980-841

Received: 29 November 2018; Accepted: 12 December 2018; Published: 18 December 2018 E‘P;)e;;tfgsr

Abstract: Installing a synchronous condenser (SC) onto an electricity grid can assist in the areas
of reactive power needs, short-circuit strength, and, consequently, system inertia and guarantees
better dynamic voltage recovery. This paper summarizes the practical potential of the synchronous
condenser coordinated in an electric-power network with participating wind plants to supply reactive
power compensation and injection of active power at their point of common coupling; it provides a
systematic assessment method for simulating and analyzing the anticipated effects of the synchronous
condenser on a power network with participating wind plants. A 33-kV power line has been used
as a case study. The results indicate that the effect of the adopted synchronous condenser solution
model in the MATLAB/Simulink environment provides reactive power, enhances voltage stability,
and minimizes power losses, while the wind power plants provide active power support with given
practical grid rules.

Keywords: active power; reactive power; reactive power compensation; synchronous condensers;
wind plants; electric-power network

1. Introduction

For most electricity utility companies, ensuring grid reliability, efficiency, and security is a major
task. As electric-power grids develop and electrical load profiles change, pressure is being put on
electricity transmission and distribution grids, thereby making the need for voltage reinforcement and
electric-power grid management much more demanding. Electric-power utility authorities worldwide
face many new electricity grid challenges and circumstances, including changes in electric-power
production mix, decreases in traditional power production, increases in renewable power production
and distributed generation, changes in environmental and regulatory policies, and the retirement of
traditional thermal producing stations. These challenges have an operational effect on electric-power
infrastructure, particularly bringing about a general inadequacy in reactive power compensation,
voltage stability, power system inertia, and low short-circuit strength. As compared with traditional
power sources, wind renewable power has a reputation of strong randomness, intermittency,
and volatility. It shares the intermittent feature of renewable power sources which are controlled
by environmental elements, such as instantaneous changes of weather, that eventually give rise to
voltage and frequency instability. Application-related instances prove that connecting wind power
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plants to existing electricity grids has an adverse effect on the security and stable operation of modern
electrical power systems [1-5]. High impedance of a fragile or weak electricity grid connection limits
the output power of a wind plant operating at unity power factor. This limitation can be reduced by
adequately providing high reactive power compensation with the help of synchronous condenser
technology. Although it is feasible for Type-4 wind power plants to produce the requisite reactive
power compensation, this technique can appreciably increase the active power rating need and hence
reduce the cost of wind power plants and control inverters, since only Type-3 wind power plants are
involved in this instance [6].

Synchronous condensers (SCs) were once generally put to practical use as a means of supplying
reactive power compensation to power grids before the introduction of power electronic devices.
The benefits of the synchronous condenser solution are that it is a long-standing, well-known,
and well-understood technology. It is a very resilient solution, can have high overload capacity, and can
provide excellent reactive power support for the grid under low-voltage situations. Synchronous
condensers are an origin of short-circuit availability, which can be a significant benefit in weak
electric-power grids, and they are not sources of harmonics. The drawbacks of the synchronous
condenser include a higher level of losses, slower response time as compared to power electronic
devices, and mechanical wear [7-12]. Synchronous condensers have been utilized conventionally
in the electric-power industry to support weak electricity grids with poor voltage regulation.
Static power electronics equipment, such as static VAR compensators (S5VCs) and static synchronous
compensators (STATCOM:s), are now frequently utilized for reactive power production, and these static
power electronics devices provide faster responses [13-15]. Under certain electric-power grid fault
circumstances, SCs provide higher reactive power compensation, and, more significantly, the kinetic
energy stored in the rotor makes available inertial assistance to the electricity grid during fault
conditions [16—-19]. The inertia support ability of SCs becomes more significant as the electric-power
grid connection needs, such as low-voltage ride-through for distributed generation networks, become
stricter and SCs are needed to supply additional services to support electric-power grid stability [1,20].
With the continuous growth of the scale of wind power plant inclusion in electrical networks,
the interconnection of wind renewable plants with electricity grids has brought remarkable drawbacks
for electric-power system dispatching. Apart from the operating situation, wind plants are susceptible
to many other factors, such as component faults, weather problems, power system disturbance,
etc., that pose a growingly conspicuous threat to power system stability [21-31]. Therefore, active
and reactive power assessment methodologies and mechanisms have become a top priority among
stakeholders in the electric-power industry.

This research work developed a methodology to generate active power by utilizing the Type-3 wind
plant and reactive power by using the synchronous condenser, particularly on a 33-kV power network.
To scrutinize the successfulness of the suggested methodology, it was applied to an interconnected power
system with proliferated wind renewable electricity production. This paper should help to put in place
strict guidelines for electricity network operators to make better use of synchronous condensers for
reactive power generation and the Type-3 wind plant for active power generation, which will at long
last pave the way for further integration of wind power plants into the electricity grid.

The remaining part of this article is organized in the following manner. In Section 2, the vulnerability
of the modern grid as a result of high penetration of wind power plants is discussed. In Section 3,
the benchmark case setup of the research is given. This consists of the benchmark line parameters,
the benchmark transformer parameters, the benchmark load and three-phase lines parameters,
and implementation of the benchmark case using MATLAB/Simulink software. Section 4 explains the
methodology used in this study and explores data from the simulation setup. Section 5 presents the
mathematical model of the system. Section 6 illustrates a vivid case study, and Section 7 provides the
results and discussion of the study case. Conclusions are presented in Section 8.
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2. Vulnerability of the Modern Grid as a Result of High Penetration of Wind Power Plants

Independently and in combination, increasing grid voltage instability, reactive power control,
short-circuit strength, power system inertia, frequency control, etc., affect the ability of the modern
grid to effectively make use of high renewable energy penetration systems such as wind power
plants. These also affect the demand for electricity and ability to access, produce, and distribute it.
An evaluation of these impacts, both positive and negative, is needed to inform forward-looking
endeavors to increase power system security. These effects occur and affect all modern electricity grids
and the vulnerabilities faced by various stakeholders in the power industry may vary remarkably
depending on their degree of specific exposure to wind renewable power penetration. In general,
large-scale wind farms, consisting of many wind power plants, often cover large areas. When wind
plants run at nearly full power, the voltage drop of the lines becomes significant [32].

With the increasing share of wind renewable power plants in the present-day electric-power
production mix, traditional fossil-fuel-based synchronous generators continue to be substituted from
the electric-power production fleet. The high availability of wind power may equally be accountable
for the planned retirement of thermal power plants. Nowadays, wind power plants are mostly based
on Type-3 and Type-4 machine plants. These variable-speed wind plants are decoupled from the
corresponding electricity grid by power electronic converters. Different from synchronous generators,
some types of wind plants are not able to play a part in frequency control activities such as inertia
and governor response after a disturbance [33-37]. Although several control methodologies have
been developed to allow Type-3 and Type-4 wind plants to be used for frequency regulation [38,39],
such solutions are still not mandatory and normally do not operate for the Type-3 wind plant. Thus,
owing to increased wind production, sustaining enough frequency response has become of vital
concern for network operators. Aside from frequency response, short-circuit operation is one more
vital issue in power system security owing to higher wind renewable power penetration on the
grid [40]. Short-circuit operation is determined by making use of an indicator called the short-circuit
ratio (SCR). The short-circuit ratio at the electric-power grid connection point or point of common
coupling (PCC) of a wind power plant is defined as the ratio between the short-circuit level at its PCC
and the rated efficiency of the wind power plant [41]. A minimal value of SCR at the PCC of a wind
power plant is necessary for protection equipment to determine the development of a fault. Owing
to the limitation of power electronics efficiency, Type-3 and Type-4 wind power plants commonly
generate less fault current compared with traditional synchronous generators of equivalent rating [42].
Consequently, the possibility of obtaining undesirable SCR at the PCC of a modern grid with wind
plants very much increases for high penetration of wind machines [43]. The insertion of large numbers
of wind renewable power plants has changed the robustness of alternating current (AC) grids and
made the electric-power grid ineffectual, which is marked by a low SCR or low inertia [44]. SCR
is closely associated with voltage stability, so the lower the level the SCR of wind power plants at
the PCC, the quicker the response to voltage fluctuation. This leads to instability and, occasionally;,
to wind plants tripping, resulting in a breakdown of grid stability [45], mostly in situations where a
large concentration of wind power plants is joined to a relatively weak electric-power grid [46-48].

It is obvious from the foregoing that, in most situations, frequency response and short-circuit
functioning are scrutinized as separate issues. Traditionally, they are individually enhanced when
necessary. Regardless, both are related to modern grid security as a result of high wind plant penetration
and should be simultaneously considered. Owing to the accumulative entrance of wind power plants
on today’s modern grids, most thermal power plants may be subjected to planned retirement [49].
These traditional power generators may perhaps be taken out, which would result in a misuse
of assets and lead to economic concern. Thus, a second use of these traditional plants could be
anticipated in order to achieve some monetary return. For this reason, there is a need for retrofitting
a reasonable portion of these synchronous generators into synchronous condensers. As a result of
the utilization of new SCs or synchronous generators being retrofitted to SCs and joined to existing
electricity substations to provide the required functionality of reactive power compensation, additional
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inertia and short-circuit current are made available to the grid, which in turn improves the security
performances of the grid in case of high wind plant generation [43].

3. Benchmark Case Setup

The benchmark case setup utilized in this work consists of a commercial medium voltage (MV)
distribution network with a substation transformer rating of 50 MVA and a voltage level of 33 kV.
The MV distribution system has two power lines—L1 and L2—of lengths 30 and 40 km, respectively,
connected to it. Figure 1 gives an overview of the benchmark system. A more detailed description of
the elements of the system is provided hereafter.

33KV
33KV
L1=30 km | T.oad 1
25MVA LKV
g 10.77 MVA
s
= 33kV
v L.2=40 km Load 2
50 MVA |

25 MVA 11kV
13.416 MVA

Figure 1. The benchmark system.

3.1. Benchmark Line Parameters

The parameters of the power lines are described in detail in Table 1. Here, it suffices to illustrate the
lines main characteristics. Its rated positive resistances rq (€2/km), zero-sequence resistances ry ((2/km),
positive inductances I; (mH/km), zero-sequence inductances [y (mH/km), positive capacitances c;
(nF/km), zero-sequence capacitances ¢y (nF/km), and frequency f, (Hz) are the same for both lines.
However, the lines” length (km), phase resistance R; ((2), phase inductive reactance Xj (Q2), and phase
susceptance B (uS) vary as presented.

Table 1. Parameters of the medium voltage (MV) commercial electrical power lines.

Line Number 1 2
Positive resistances r; (()/km) 0.0922 0.0922
Zero-sequence resistances rq (2/km) 0.312 0.312
Positive inductances I; (mH/km) 0.61 0.61
Zero-sequence inductances /[y (mH/km) 2.83 2.83
Positive capacitances ¢; (nF/km) 11.33 11.33
Zero-sequence capacitances cp (nF/km) 5.01 5.01
Frequency f, (Hz) 50 50
Length (km) 30 40
Phase resistance Ry () 2.766 3.688
Phase inductive reactance X7 (Q) 5.749 7.665
Phase susceptance B (1S) 53.39 71.19

3.2. Benchmark Transformer Parameters

Each power line supplies a 33/11-kV transformer, with a rating of 25 MVA. The parameters
of this transformer, detailed in Table 2, show that the frequency f, (Hz), nominal power S, (MVA),
magnetization resistance R, (M(Q)), and magnetization inductance L, (H) are the same for both
transformers, while the connection type, Vs (kV), R (Q2), and L (H) are D11, 33, 0.15682, and 0.005808
for the high voltage winding and Yg, 11, 0.016639, and 0.00061625 for the low voltage winding.
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Table 2. Parameters of the three-phase 33/11-kV transformers.

TRANSFORMER 1, 2 High Voltage Winding Low Voltage Winding
Connection type D11 Yg
Vims (kV) 33 11
R (Q)) 0.15682 0.016639
L (H) 0.005808 0.00061625
Frequency f, (Hz) 50
Nominal power S, (MVA) 25
Magnetization resistance R;; (M(Q) 0.06534
Magnetization inductance L, (H) 207.98

3.3. Benchmark Load and Three-Phase Line Parameters

Each 25-MVA transformer supplies a consumer load level of 11 kV, and the measured values of
consumer loads are tabulated in Table 3. The frequency f, (Hz) and consumer’s voltage (kV) is the
same for both loads, but active power P, (MW), reactive power Q; (MVAr), apparent power S; (MVA),
and PF cos (¢1) vary for both electrical loads. The benchmark three-phase line parameters of the
standard power lines that supply the 25-MVA transformer loads are presented in Table 4. It includes
the sending and receiving active power (P), sending and receiving reactive power (Q), sending and
receiving voltage (U), and power losses (AP). Table 4 shows that only the sending voltage (U;) value is
the same for both lines, and the other parameters differ.

Table 3. Measured values of consumer loads 1 and 2.

Parameters Load 1, 2

Active power P; (MW) 10 12
Reactive power Q; (MVAr) 4 6
Apparent power 5| (MVA) 10.77 13.416
PF cos (¢1) 0.928 0.894
Frequency f, (Hz) 50 50
Consumer’s voltage (kV) 11 11

Table 4. Measured parameters of the benchmark commercial three-phase lines.

Line Ps(MW) P,(MW) Q,(MVAr) Q,(MVAr) U (kV) u, (kV) AP (MW)

1 8.929 8.673 4.237 3.814 32.570 31.077 0.256
2 10.061 9.576 6.131 5.261 32.570 30.017 0.485

3.4. Implementation of Benchmark Case in MATLAB/Simulink

As presented by Figure 1 and then described in Sections 3.1-3.3, only the benchmark parameters
were added to the benchmark simulation scheme specifically for this research work and implemented
with MATLAB/Simulink software. This benchmark system, which is a standard normal power system
network, is referred to as Case A.

4. Method

In the suggested approach, the system was modeled by MATLAB/Simulink simulation software.
There were three case studies: First was the benchmark case, hereafter referred to as Case A. The second
case, or Case B, was when the wind power plant, modeled as Type-3 wind machines, was installed at
the main substation of the system for producing active power only and the synchronous condenser
was placed at the consumer transformer load ends for reactive power generation. Finally, Case C
refers to the situation where the synchronous condenser was placed at the substation for producing
reactive power only and the Type-3 wind power plants were placed at the consumer transformer load
ends for producing active power only. These arrangements were tested on a 33-kV power network.
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This methodology was adopted to achieve stability and reduce power losses in the system. This is
vividly illustrated in Figures 2 and 3, respectively.

Case C
e T =
( | SC | ) | EIE )
~J ' ~N “ lew
I(‘(‘ — I—— —
—
=g} ITL1  Loadl
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Figure 2. Diagram of the simulation model and methodology scheme of Cases A—C.
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= 33 kW
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25 Mva 11KV
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Case B
Figure 3. Scheme of the proposed wind plant integrated power system.
5. Mathematical Model of the System

Considering the MV substation system (S. S1) and its vector components:

n

Sss =Y Ssii 1)
i—1
n

Iss =Y Isi ()
i-1

where:

Sgs is the apparent power of the substation system;

Igs is the total line current of the substation system;

Ig1; is the line current supplied to 7 number of power lines from the substation network;

Sg1i is the apparent power supplied to n number of power lines from the substation network;
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i=1,23,...... , 1. (i.e., n number of lines).

Hence, for n number of lines that supply n number of loads on the end of the line from the
MYV substation, the set of transformer and load is equal to the total number of loads. Thus, the total
apparent power of each n number of sets is Sy;, wherei = 1,2,3,...... , 1. (i.e., number of loads).
Therefore, line number = each load number.
Hence, in Figure 2,
Pspi = APpp;i + Prri (3)

where:

Pg;; is the active power supplied to n number of lines;
APy ; is the active power losses of n number of lines;
Pr7; is the active power of n number of lines.

From Equation (3):
APy = Pspi — Prri (4)

The power losses on the line is given by
AP = 31;%-Rq;. (5)
The difference in voltage (voltage drop) of each phase is given by
AV =11-Z;. ©
Considering Case A only, and from Equation (5) and Figure 2:
APrr; = 3(Pspi-Rurri)- @)
Consequently, power losses for n number of lines for Case A will be

APar1i = 3(I? assiRiLii) 8)

where:
Ispi = Lassi )

I 455 is the line current for n number of power lines, which equals Ig;; for Case A;
APy11;is power losses of n number of lines for Case A.

Therefore, the total losses of S. S; for Case A will be

n
APsr =) AParp;- (10
i=1

Similarly, from Equations (6) and (9) and Figure 2:
AVarri = IassnZiLi (11)

where:

AV 11 is the voltage drop on n number of lines of Case A;
Z11; is the longitudinal impedance of n number of lines.
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Also, considering Case B, the wind power plants are connected to the bus bar, which supplies all
transmission lines, and the synchronous condenser is installed at the end of the MV transmission lines,
as shown in Figure 2. Applying Kirchhoff’s current law:

Igss = Iss + Ipw — Ipc (12)
where:

Ipw: wind plant line current;
Ipc: synchronous condenser line current;
Ipss: total substation line current of Case B.

From Equation (12) and the vector directions of the wind power plants and synchronous condenser
parameters in Figure 2:

Igssi = Isii + Ipwi — Ipci (13)

where:

Ipw; is a constituent of the wind power plant line current going through n number of lines;
Ipci is a constituent of the synchronous condenser line current going through n number of lines;
Ipss; is the new line current supplied to n number of power lines of Case B.

From Equations (5), (12), and (13), the power losses for n number of lines of Case B is written as
APpy1i = 3(I*pssi-RiLLi) (14)

APgrri = 3-Ryrri(IPspi + Pawi + Ppci + 2-Isii- Ipwi — 2-Ispi-Ipci — 2+ Inci-Ipwi) (15)

where:
APg1;is the power losses for n number of lines of Case B.
Therefore, the total losses of S. S; for Case B will be

n
APgr =Y APgpy;. (16)
i=1

Similarly, from Equations (6), (12), and (13) and Figure 2:
AVprri = Ipssi-ZiLi 17)

AVprri = (Isti + Ipwi — Ipci)-ZiLi (18)

where:

AVpr1;is the voltage drop of n number of lines of Case B.

In the same vein, considering Case C:

The synchronous condenser is installed into the bus bar, which supplies power to all sections of
the MV transmission lines, and the wind machine is connected to the end of the transmission lines,
as shown in Figure 2. Applying Kirchhoff’s current law:

Icss = Iss — Icw + Icc (19)
where:

Icw: wind plant line current;
Icc: synchronous condenser line current;

Icgg: total substation line current of Case C.
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From Equation (19) and the vector directions of the wind power plants and synchronous condenser
parameters in Figure 2:

Icssi = Isii — Iewi + Icci (20)

where:

Icwi is a constituent of the wind plants line current going through n number of lines;
Icci is a constituent of the of synchronous condenser line current going through n number of lines;
Icssi is the new line current supplied to # number of power lines of Case C.

From Equations (5), (19), and (20), the power losses for n number of lines of Case C is written as
APcrri = 3(Pessi-Rirwi) (21)

APcrri = 3-Rypri(Psi + Pewi + Peci — 2-Isii-Iewi + 2-Isgi-Ieci — 2-Icci- Iewi) (22)

where:
APcpy;is the power losses for n number of lines of Case C.
Therefore, the total losses of S. S; for Case C will be

n
APcr =Y APcpp;. (23)
i=1

Similarly, from Equations (6), (19), and (20) and Figure 2:
AVerri = IessitZLLi (24)

AVerri = (Ispi — Iewi + Icci)-Ziri (25)

where:
AVcr1iis the voltage drop of n number of lines of Case C.

6. Case Study

This section examines the efficacy of the wind power plant and the synchronous condenser.
Two operative criteria were utilized: the first was the wind farm’s ability to generate active power, and
the second was the capability of the synchronous condenser to produce reactive power. The parameters
of the wind plant were of the capacity P = 9 MW and the power factor = 0.9, and that of the synchronous
condenser was S = 3.125 MVA. Figure 3 represents the scheme of the proposed wind plant integrated
system. The parameters of the benchmark case were applied in the methodology. Values were
measured during four steps of load application: the first step was the benchmark case parameters
of load values, while steps 2—4 were increased in various percentage values of active, reactive, and
apparent power, as presented in Tables 5 and 6 for loads 1 and 2, respectively. The active, reactive, and
apparent power values were measured and obtained, as shown in Table 5, for load 1. The measured
parameter values for load 2 are presented in Table 6.

Table 5. Calculated values of reactive, active, and apparent power for various steps for load 1, as stated
before in the text.

Active Rate Reactive Rate Apparent Rate
Steps Power Increase Power Q; Increase % Power S Increase %
P (MW) % Pq (MVar) Q1 MVA Sy
1 10 0% 4 0% 10.77 0%
2 12 20% 5 25% 13 20.71%
3 14 40% 6 50% 15.232 41.43%
4 16 60% 7 75% 17.464 62.15%
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Table 6. Calculated values of reactive, active, and apparent power for various steps for load 2, as stated

before in the text.

Active Rate Reactive Rate Apparent Rate
Steps Power Increase Power Q; Increase % Power S Increase %
Pl (MW) % Pl (MVar) Ql MVA Sl
1 12 0% 6 0% 13.416 0%
2 14 16.67% 7 16.67% 15.652 16.67%
3 16 33.33% 8 33.33% 17.889 33.33%
4 18 50% 9 50% 20.125 50%

7. Results and Discussion

Load 1 simulations were executed at several active power levels of 0%, 20%, 40%, and 60%,
while the reactive power levels were 0%, 25%, 50%, and 75% respectively, as depicted in Table 5.
The apparent power levels were 0%, 20.71%, 41.43%, and 62.15%. For load 2, active, reactive,
and apparent power levels were of 0%, 16.67%, 33.33%, and 50%, implying that the same level
of increment was used for the various steps. The percentage of sending voltage deviation from the
nominal voltage of 33 kV for different steps in Cases A-C is presented in Figure 4. It shows that
the differences between Cases A—C were very small and unremarkable. It also depicts that the load
increase in each step brought about an increase in the sending voltage deviation from the nominal
voltage value of 33 kV. Equally, Figure 5 shows that the deviation of receiving voltage in Cases B and C
was lower than that of Case A owing to the power injected onto the grid at the end of the 33 kV MV
transmission lines. It can be noticed that deviations in Cases B and C were very close to each other.

Steps

I Case A
N Case B
1 | NI case C

1 | | |
-2.5% 2% -1.5% -1% -0.5% 33 kV
Vs deviation%

Figure 4. Percentage of sending voltage deviation from the nominal voltage of 33 kV for different steps
of Cases A—C.

Steps

I Case A
1 | | NN Casc B
I Casc C

L 1 1 1 1 |
-14% -12% -10% -8% -6% -4% -2% 33kV
Vr deviation%

Figure 5. Percentage of receiving voltage deviation from the nominal voltage of 33 kV for different

steps in Cases A-C.
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The performance of the wind plant and the synchronous condenser as regards to the percentage
of allowed additional voltage drop for different steps in Cases A—C is plotted in Figure 6; it shows that
the percentage of allowed additional voltage drops of the lines before the voltage drop exceeded 3.3 kV,
which is 10% of the nominal voltage. Here, the maximum allowed voltage drop was 3.3 kV, and visibly,
the safety margin of Cases B and C was higher than that of Case A. Meanwhile, the achievable voltage
drops in steps 3 and 4 did not exceed 3.3 kV, going by 1% for step 3 and 12% for step 4. Figure 7 shows
the power losses for the different steps in Cases A-C. In this analysis, the power losses for Cases B
and C were lower than that of Case A. In addition, power losses in Case B were less than in Case
C, which means that using wind power plants to inject active power at the start point of the 33-MV
transmission line and the synchronous condenser to produce reactive power at the consumer end of
the power line was more effective than what is obtained by the reverse positioning.

From Figure 8, it is observed that the percentage of power loss reductions for different steps in
Cases B and C compared with Case A decreased for all cases and steps, but the reduction in Case B
was higher. The reduction in all steps was generally the same in each case. The apparent power was
the percentage increase in load, and as the load increased, the results became more favorable.

T T T T T

1 1 1 1 1
-20% -10% 3.3kV 10% 20% 30% 40% 50%
Allowed AV%

Figure 6. Percentage of allowed additional voltage drop for different steps of Cases A-C.

T
I Case A
I Case B
I Casc C

0.8

0.2

Steps

Figure 7. Power losses for different steps in Cases A—C.

The sending power factor for different steps of Cases A-C is plotted in Figure 9. In this analysis,
the sending power factor for Cases B and C was higher than that of Case A, ranging between 0.97 and
0.93, whereas the result for Case A was between 0.86 and 0.83. Note that the sending power factor for
Case C was higher than that of Case B. The receiving power factor for different steps of Cases A—C
is shown in Figure 10. The result here was like that depicted in Figure 9, where the power factor for
Cases B and C was higher than that of Case A. The power factor values recorded for Cases B and C
ranged between 0.99 and 0.95, whereas the values observed for Case A were between 0.88 and 0.87.
Figure 10 shows that the sending power factor of Case C was higher than that of Case B.
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100% T T T T

I Case B
90% |- I Casc C | |

—t— AS%
80% [ >4

70%

60%

50%

40%

AP reduction%

30%

20%

10%

0%

Steps

Figure 8. Percentage of power loss reductions for different steps of Cases B and C compared with
Case A.

In power systems such as the proposed scheme, active power and a little amount of reactive
power is needed. However, with a low power factor, the reactive power is higher than usually needed.
A low power factor in the circumstance of Case A implies that reactive power was higher than active
power. Hence, a low power factor means dealing with a high amount of reactive power. Therefore,
a drawback of having a low power factor is the excessive reactive power. Hence, with a low power
factor, the amount of apparent power in the network increases, although the power (KW) is still the
same. This results in some significant losses both on the transmission line and on the consumer side,
as was the situation for Case A, but the reverse was the situation for Cases B and C, where the losses on
both the transmission line and the consumer side of the scheme were minimized due to the installation
of the wind plant for active power regulation and the synchronous condenser for reactive power
generation. In addition, the voltage drop of the proposed MV transmission lines and distributors
increased as the power factor values decreased. In order to keep up with the voltage at the receiving
end, Type-3 wind plants for active power control only and synchronous condensers for reactive power
control only must be installed into the proposed scheme. The 33-kV transmission line voltage was also
maintained owing to the observed power factor standing for both Cases B and C.

0.98
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Case C

Sending cos(¢)
(=}

0.88 - 1
0.86 - 1
D—
——
0.84 - — J
0.82 . .
1 2 3 4
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Figure 9. Sending power factor for different steps of Cases A-C.

In Figure 11, the percentage of voltage drop reduction for different steps of Cases B and C is
compared with Case A. It is vividly clear that the voltage drop was reduced in Cases B and C as
compared with Case A and the performance of the various case situations was the same for all steps.
Additionally, the percentage of reduction of voltage drop was approximately the same for all steps
(that is, 20%) but with a corresponding small decrease as we moved from steps 1 to 4. On the contrary,
for Case A, the percentage of voltage drop steadily increased as we moved from steps 1 to 4. A voltage
drop performance analysis was required to ensure that the end of the power lines had enough power
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to drive the final load. The issue of voltage drop only gets worse as more loads are connected onto
the power lines. As the length of power lines increases or as the current increases, so does the voltage
drop. Note that leaving some margin for future loads will ensure that electricity consumers get a
reliable power system as expected. The resulting measured and modeled percentage of voltage drop
and power loss reductions for different steps in Cases B and C compared with Case A is graphically
illustrated in Figure 12. It shows the general comparison of Cases B and C with Case A, where it was
observed that the methodologies used in Cases B and C were better than that used in Case A. Results
for Cases B and C showed the same performance of voltage drop, which was about 20%. However,
regarding the power losses on the proposed scheme, Case B showed better performance than Case
C. The loss reduction for Case B was about 70% but was 50% for Case C. Overall, the performance of
Case B is seen to be the best case situation observed.

il Case A
Case B |
Case C

Receiving cos(¢)

Steps

Figure 10. Receiving power factor for different steps of Cases A-C.
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Figure 11. Percentage of voltage drop reduction for different steps of Cases B and C compared with
Case A.
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Figure 12. Percentage of voltage drop and power loss reduction for different steps in Cases B and C
compared with Case A.
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8. Conclusions

From the analysis of a normal power system, it was observed that when additional generation
sources of active and reactive power were spread along the network, the proposed scheme attained
stability. Conclusively, in a traditional power system, like that of Case A in the design model,
the limitation of increasing load creates issues for the regulation of voltage level and this brings
about an increase in the voltage drop of the MV power line, sometimes more than the allowed ratio of
10% from nominal voltage value, which also increases power losses. All of these issues cause instability,
power losses, and are harmful to loads. In this model, the Type-3 renewable wind power plant was
used to generate active power and the synchronous condenser to produce reactive power by choosing
different points on the proposed scheme to separately connect both the wind renewable source and the
synchronous condenser. The network was stabilized and power losses were equally reduced, even
when the loads increased, implying that the proposed scheme can absorb more load. Hence, it can be
posited that the Type-3 wind plant and the synchronous condenser scheme is economical. It is worth
mentioning that the proposed technique of this paper can be applied to different load deployments in
any power system in order to establish stability to preserve the acceptable security performances of
electricity grids. This research paper establishes an effective application of synchronous condenser
technology for the deployment of reactive power and the wind power plant for the deployment of
active power in a modern electricity scheme. This methodology could effectively simulate the effect
of an anticipated synchronous condenser on a power grid with participating wind plants, thereby
generating useful information for managers, engineers, and researchers in the electricity industry.
This information can improve modern electricity growth plans and can be used to formulate new
electricity development strategies and action plans. It is important for electricity managers to develop
management strategies and development plans that allow electricity resources to be utilized more
effectively in a sustainable manner. It aids in improving power system security by providing adequate
active and reactive power for the stability of the electricity grid and the minimization of power system
losses. Therefore, the proposed methodology is likely to bring significant technical and financial
benefits to power system operators.
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