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Wind farms integration into power system with improved location and stability problem solving

Problem. This article investigates as a consistent supply to satisfy rising world energy consumption, wind energy is becoming more and
more important. Correct evaluation of the stability and performance of wind induction generators inside power systems remains difficult,
particularly in regard to ensuring compliance with grid rules and best location. Goal. To evaluate and compare the dynamic behavior
and grid compatibility of the squirrel cage induction generator (SCIG) and the doubly fed induction generator (DFIG) wind generators
in various locations within the IEEE 14 bus network, and to determine the improved generator type and location. Methodology. The
investigation adopts the small signal stability analysis for modeling the wind induction turbines due to its capability to assess system
stability, controllability and observability. The IEEE 14 bus distribution network is modeled with wind generators interconnected at
buses 10 through 14. Several parameters are analyzed under different operating conditions, including voltage, rotor angle, active power,
reactive power and frequency. Results. DFIG exhibits superior performance across all analyzed parameters, particularly in maintaining
grid stability and meeting grid code requirements. Bus 13 was identified as the improved integration point for wind farms using DFIG
technology. Scientific novelty. The study offers a structured comparison of SCIG and DFIG using state space modeling rarely applied in
a direct bus by bus comparative study within a standard distribution network. Practical value. The results help system planners choose
the right wind turbine type and location, which promotes a more reliable and effective integration of renewable energy sources into
power networks. References 51, tables 5, figures 7.

Key words: squirrel cage induction generator, doubly fed induction generator, best location of wind farms, IEEE 14 bus network.

Ilpobnema. Y cmammi posensioaemvca @impaHa euepeia AK Oxcepeno Oe3nepebiliHoco HCusNeHHs 0 3A0080J1eHHS C8IMo6020
CRoJiCUBanHsl enepeii, wo 3pocmae, i il poav Yy yvomy npoyeci. Kopexmmna oyinka cmabinbHocmi ma npoOYKMueHOCHI
8impozenepamopie 6 enepeocucmemax 3aIUUacmscs CKIaOHUM 3a80aHHAM, 0COOIUB0 3 MOYKU 30pYy 3abe3nedents 6i0NOGIOHOCI
BUMO2aM eflekmpomepedci ma ubopy onmumansHo2o posmauiyeanus. Mema. Oyinka ma nopigHAHHA OUHAMIYHOI No6edinKu i
mepedicegoi cymicnocmi simpozenepamopie 3 kopomkozamknenum pomopom (SCIG) ma acunxponnum cenepamopom 3 HOOGIUHUM
orcusnenuam (DFIG) y pisnux micyax mepeoci IEEE 14, a makosc usHauenns NOKpaujenozo muny ma micma po3mauty8amHs
cenepamopa. Memooonozia. Y 0ocnioxcenHi 01 MOOeNO8AHHS BIMPOSEHEPAMOpi8 BUKOPUCTNIOBYEMbCA AHANIZ CMIUKOCMI npu
MAnUX CUSHANAX 3AB05KU 1020 30AMHOCHI OYIHIOBAMU CMIUKICMb, KepogaHicms ma cnocmepexciugicmes cucmemu. Posnodinena
mepeoica IEEE 14 modenioemuvcs 3 gimpoeenepamopamu, 3 ' €OHanumu misc coboro na wunax 10-14. Ananizyromocs pisni napamempu
3a pisHUX pobOUUX YMOS, GKNIOUAIOWU HANPY2y, KYm pomopa, aKmueHy NOMYIICHICb, PeakmueHy ROMYJICHICMb Ma 4acmomy.
Pesynomamu. DFIG 0emoncmpye kpawi xapaxmepucmuxu 3a 8Cima npoananizo8anumu napamempami, 0cooIueo wooo niompumxu
cmabinbhocmi mepedici ma 8iOnogioHoCcmi gumozam mepedicesoeo kooekcy. Llluna 13 byna eusnavena ak noxkpawjeHa mouyka
inmezpayii 0na eimponapkis, axi eukopucmosyrome DFIG. Haykoea noeusna. /[ocnioscenns nponosye cmpyKkmyposane nOpiHAHH
SCIG ma DFIG 3 suxopucmahuam MOOen08AHH NPOCMOpPY CHMAHIG, WO PIOKO 3ACMOCOBYEMbCA NPU NPAMOMY NOPIGHATLHOMY
00CTIONCEHHT WUH Yy CMAHOapmHitl po3nodinvhii mepedici. Ilpakmuuna 3nauumicmsy. Pesyniomamu donomazaiome CUCHEMHUM
NIAHYBATLHUKAM 8UOPATU NPABUTLHULL MUN A MICYE3HAX0O0NHCEHHS 8ImpoceHepamopa, uwjo cnpuse 6inbul HaOiliHil ma eghekmueHiil
inmezpayii gionognosanux ddxcepen enepeii 6 enepeomepedici. bion. 51, Tabm. 5, puc. 7.

Kniouogi cnoséa: acMHXpOHHHUIl TeHepaTOp 3 KOPOTKO3AMKHEHHUM pPOTOPOM, ACHHXPOHHMII TreHepaTop 3 moABiiHUM
“KHBJICHHSAIM, HaliKpalle po3TallyBaHHs BITPAHUX cTaHuiil, muHa xxusjeHns IEEE 14.

Introduction. Wind energy is seen as an endless
supply of clean energy as compared to other energy
sources like nuclear, coal, gas and oil. When it was
adopted, the use of fossil fuels greatly decreased.
Globally, wind power plant construction has increased
dramatically during the last twenty years [1-4].

Globally, installed wind energy capacity exceeded 100
GW by the end of 2023, as stated by the Global Wind
Energy Council [5]. This is a 15 % increase globally over
2022 in installed capacity [6]. It’s also the year with the most
wind energy of all time. As of 2022, there were 906 GW of
installed capacity for wind energy globally, a 9 % growth.
One major problem for wind energy is the constant
variations in temperature, density, and wind speed. To
prevent unfavorable effects on grid electricity, the
integration of wind turbines into the grid must be supervised
by specific laws or grid codes [1, 7-9]. The operational
restrictions and environmental variables of different
countries influence the grid codes produced [10, 11]. Like a
traditional power plant, wind farms need a connection to
the grid that minimizes interruptions.

In wind turbines, 3 different kinds of power
generation devices are typically utilized to transform
electrical energy from wind: doubly fed induction generator
(DFIG), permanent magnet synchronous generator
(PMSG), squirrel cage induction generator (SCIG). Among
these generators, DFIG has stayed connected to the power
system and has demonstrated good performance in low

voltage ride through incidents [12]. Because of their
significant advantages, such as increased energy
efficiency, improved power quality, ease of control and
variable speed handling, DFIGs are frequently utilized in
systems that convert wind energy [13]. However, due to
their robustness, affordability and ease of use [14], wind
power conversion systems equipped with SCIGs also use
reactive power compensators.

Consequently, precise modeling of induction
generator is needed for research utilizing computer
simulations, investigations, and research in order to
effectively handle their major issues, especially with
relation to the grid installation of wind energy conversion
technologies. Understanding the utilization of wind power
and how it integrates with the grid has thus become
crucial research [15].

It is vital to do in depth research to comprehend how
wind farms and the power grid interact. A wind farm in the
design phase involves a number of research projects, which
are carried out in a manner akin to that of other new
technological facilities [13, 15]. Model planning, which
takes into account variables like voltage, electricity flow,
reactive power capability, short-circuit currents and the
transient stability, is typically used to assess the effects of
wind technology [16-19]. It is common practice to take
into account a thorough depiction of every single unit as
well as the relationships between units and the system.
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As an alternative, when considering the wind farm
from the standpoint of the system, it can be treated as a
lumped equivalent model [17]. Additional related research
focuses on improving transient stability and dispatching
spinning reserves in wind-thermal power systems [20, 21].

The authors of [22] examined the differences in
performance between wind turbines connected to the
power system that were induction generators, DFIG and
PMSG. By taking into account a 3-phase defect at the end
of a transmission line, the machines efficiency are
assessed. Using MATLAB software, the performance of
grid connected 5-phase modular PMSG with various slot
and pole number combinations is assessed in [23].

Additionally, the technological difficulties of
integrating wind were covered in earlier studies [24] energy
into the grid. The primary obstacles to wind energy grid
integration are discussed in [4], including the consequences
of power quality, power imbalances, wind power on the
power system and operating costs. The comparison of the
grid integration impact of DFIG and SCIG is examined in
[25]. This research [26] compares the performance of SCIG
and DFIG wind turbines under various conditions through
MATLAB/Simulink. The results indicate that DFIG is
more efficient, especially in variable speed generation and
power regulation, making it more compatible with large
wind farms connected to weak grids.

The goal of this work is to evaluate and compare the
dynamic behavior and grid compatibility of SCIG and DFIG
wind generators in various locations within the [EEE 14 bus
network, and to determine the improved generator type and
location. The working conditions for producing reactive and
active power, as well as voltage, angle theta, industrial
frequency, and stability, were the primary subjects of the
analysis. Numerous simulation programs have been
examined for the analysis and modeling of wind farms, as
well as for improved location and stability problem solving.
The Power System Analysis Toolbox (PSAT) was selected
because it offered sophisticated simulation tools and could
be used for the necessary analysis.

1. Modeling of wind energy. The wind turbines
capture wind energy through their blades and convert it into
mechanical power. This process is influenced by various
factors such as wind speed, blade design, and the area swept
by the blades. To assess the efficiency of energy conversion,
specific mathematical models that incorporate these elements
can be applied. By optimizing turbine performance, wind
energy can be effectively harnessed and used for power
generation. Through the turbine blades, wind energy is
converted to power, which is given as follows:

Pwi = Tme'wm; (l)

Tme = Pwi / W, (2)
where P,;, T,. are the generated power and mechanical
torque respectively; @, is the rotor angular speed.

The power generated by the wind is expressed as
follows [27-30]:

P,:=0.5¢,4, PpaR°V?, 3)
where ¢, is the power coefficient; A, S are the blade pitch
angle and the tip speed ratio respectively; p is the air density;
R is the radius of the turbine blades; /is the wind speed.

The tip speed ratio A is determined as:

A=w,R/V. 4
The rotor angular speed @, is:
@, =2m | 60, ©)

where 7 is the rotational speed.

The power coefficient ¢, is [5]:
¢, =044 12 60404 ©)
4

where /; is the tip speed ratio coefficient at the J™ element
of the turbine blade:

1
Ai=—. 7
7 1/2+0.002 @
2. Configuration induction generator. Wind

turbines can be classified into different types, with 2
common ones using induction generators. These turbines
use induction generators to convert wind energy into
electrical power. In an induction generator, the rotor is
driven by the wind, creating a rotating magnetic field that
induces electrical current in the stator. The key advantage
of these turbines is their simplicity and cost effectiveness,
as they can operate asynchronously with the grid. They are
reliable and require minimal maintenance, making them
suitable for various wind conditions and widely used in
both small and large scale energy projects. In this section,
the configurations of these turbines will be explored,
detailing their design and operation. Additionally, the
mathematical models associated with each type will be
presented. A comparison will then be made, evaluating
their performance, power quality, and reliability.

2.1. Modeling of induction generator. Induction
generators are commonly used in wind energy systems due
to their simplicity and reliability. These generators convert
mechanical energy from the turbine into electrical power
through electromagnetic induction. Modeling an induction
generator involves understanding key parameters like rotor
and stator voltages, which directly impact performance and
efficiency. The mathematical formulas for modeling an
induction generator by the rotor and stator voltage in d-q
(direct and quadrature) axis [17-19] are:

. dgy

Var = Rylgy + ~+ a)s¢qr;
dr
. 44y

Vagr = Ryig + dtr - s¢qr;

a4 (®)
Vas = Ryigs + de + a)s¢qs;

Vye =R +d¢ds

qs riqs dr - a)s¢ds d

where Vg, Vi, Vg Vg are the rotor and stator voltages
respectively; iy, i, are the current of the rotor; iy, iy are
the current of the stator; ¢, ¢, are the flux of the rotor;
dus» @5 are the flux of the stator; vy, v, are the voltage of
stator and rotor respectively.

The equations below present the flux linkage and
electromagnetic torque:

bar = Linlas + Lyolar
¢qr = Lmiqs + Lroiqr;

. o )
Pis = Limiar + Lsolas:
¢qs = Lmiqr + Lsoiqs >
Te/ = ¢qr idr - ¢dr iqr; (10)

where L,, is the mutual inductance; L,,, L,, are the stator
and rotor leakage inductance respectively; T, is the
electrical torque.
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The mechanical equations are as follows:

3 L . .
Ty = _Epwi L_m(¢dslqr _¢qslds)’
S0 (11)
do, 1
Tmezj(Tme _Tel _f"Qme)’

where Q,, is the angular acceleration; dQ2,,, is the angular
velocity; f is the setting in the system; J is the inertia
moment of the rotor.

These equations are used to limit how powers
variation affects voltage amplitude and frequency [31-33]:

P:PO(HDP f}fnj(VﬂJ
n 0

where P is the active power; P, is the reference active
power; D, is the active power sensitivity factor; V5 is the
voltage amplitude; o may indicate a load model parameter,
potentially connected to the active power and another
parameter, possibly related to the load dependency on
voltage or frequency respectively.

Table 1 shows the different values of the constants
for each load category. These load category parameters
vary depending on the network. The coefficient D, is used
to illustrate the frequency bearing evolution of each
electrical bus. Therefore, it is essential to introduce (12)
to show the development of a significant dynamic grid
element. In reality, there is a close connection between
these variables and the installed loads.

(12)

Table 1
Parameters of the different load category
Load category a D,
Winter 1.02 1.000
Summer 1.20 0.999
Industrial 0.80 1.000

2.2. The squirrel cage induction generator. The SCIG
running at a steady pace is used in wind energy turbines that
are directly linked to the grid [34, 35]. The generator is
connected directly to the grid, much like in other wind energy
conversion systems, while the turbine is associated with the
SCIG through a gearbox to reach the necessary speed for
power generation (Fig. 1). Since rotor slip is the primary
cause of speed variations, variations in rotor speed are
minimal, wind turbines usually run at a set speed. The SCIG
absorbs reactive power by acting as an induction motor
during changes in grid voltage. Pitch angle control is used to
adjust generator rotor speed instabilities when wind speeds
change, maximizing wind power output. Wind energy
systems with varying speeds also use squirrel cage
technology [36-42]. The SCIG data are presented in Table 2.

Turbine

Wmnd

—_—
—_—
—_—
—_—
—_—
—_—

Fig. 1. The classic method of integrating SCIGs with the grid

Table 2
Wind turbine data for SCIG
Parameters Value Parameters Value

Rated power, MVA 10 |Stator reactance, p.u. 0.01
Rated voltage, kV 13.8 |Rotor reactance, p.u. 0.08
Rated frequency, Hz | 50 |Mutual reactance, p.u. 3
Stator resistance, p.u.| 0.01 {E%{,?E&ZI’ISIE%SEVA, pu] 2.5,0.5,0.3
Rotor resistance, p.u.| 0.1 |Number of poles pairs 4

2.3. The double fed induction generator. Figure 2
shows the integrating DFIGs into the grid.

Turbme

—
Wind g_. GEAR BOX DFIG
- . f

RSC GsC o
— ][]
%

Fig. 2. Traditional integration of a DFIG with the grid

The rotor of the DFIG is associated with the wind
turbines low speed shaft by a gearbox, which increases the
speed to the necessary level so that the generator can
generates electricity [34]. With 2 wvoltages source
converters placed back-to-back and using a wound type
rotor, the DFIG configures a grid-connected AC-DC-AC
[41-46]. Normally, each converter runs at 30 % of the
specified rated power of the generator. The converter
connected to the rotor is known as rotor side converter
(RSC), while the converter connected to the grid is known
as grid side converter (GSC). These converters handle
varying wind speeds well, making sure that the output
frequency remains constant and in line with grid needs.
They are divided using a DC capacitor in the intermediate
circuit that works as an energy stock management device
[16]. The step up transformer is a device that connects the
stator to the network [13]. An integrated control system at
the wind turbine shaft manages precise power, reactive
power and voltage across the network. Different voltage
commands are generated by this system for the RSC and
GSC. The RSC ensures control of active and reactive
powers, and the GSC ensures their operation at a unity
power factor. The GSC also controls the voltage at the DC
link capacitor between the RSC and the GSC. Table 3
shows the wind turbine data for DFIG used in the model.

Table 3
Wind turbine data for DFIG
Parameters Value Parameters Value
Rated power, MVA 10 |Mutual reactance, p.u. 3
Rated voltage, kV 13.8 |Inertia constants, KW/kKVA | 3
Rated frequency, Hz | 50 |Pitch control gain, p.u. 10
Stator resistance, p.u. | 0.01 |Time constant, s 3
Rotor resistance, p.u. | 0.1 |Voltage control gain, p.u. 10
Stator reactance, p.u. | 0.01 [Power control gain, s 0.01
Rotor reactance, p.u. | 0.08 |Number of poles pairs 4

3. Small signal stability analysis is a crucial aspect
of power system dynamics, used to assess the stability of
the system when subjected to small disturbances. It helps to
understand how the system responds to minor fluctuations
and ensures that the system remains stable under normal
operating conditions. The eigenvalue method can be used
to analyze the small signal stability. This method is
essential for identifying potential instabilities and
improving system performance.

This approach works with linear models via
examining where the poles are located inside the complex
plane. The characteristic polynomial described by the
following equation has poles as its solutions [47]:

det(A— AI) =0, (13)
where det is the determinant of the matrix (4—AI); A is the
state matrix; I is the identity matrix of the same size as A;

A is the eigenvalue.
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In the latter, there is an imaginary portion and a real
part. The real portion determines the analyzed system’s
convergence, whereas the oscillating behavior is correlated
with the imaginary part. If every pole is in the complex
plane’s negative real portion, the system is considered stable.

The system model or its parameters determine the
values of the poles. One may verify the model’s stability
domain by examining how the positions of the poles
change with respect to the parameter values.

4. Results and discussion. In this section devoted to
the results of the experiment and its analysis, one examines
3 key elements. First, one examines the performance of
2 types of generators employed in wind power systems: the
SCIG and the DFIG. The disparities in stability, efficiency,
and resistance to disruption between these 2 technologies
are highlighted by this comparison. Subsequently, one
examines the stability of the electricity network when
integrating these generators. The basis of this analysis is the
eigenvalue analysis of the system, which allows
determining the conditions under which the network
remains stable or can become unstable. Finally, one
compares the results with those of other studies in order to
evaluate the relevance of the findings and to place the study
within the broader framework of existing research. The
analysis highlights the methodological disparities and the
obtained results, which allows having a more exhaustive
vision of the consequences of integrating these generators
into the electricity network.

4.1. Evaluation of 2 different types of generators.
This section compares 2 types of wind power systems,
including their performance and the market share each
type currently enjoys. The influence of wind generation
on the transient stability of the system is examined for
wind farms using an aggregated model [48]. PSAT is
utilized in this work to perform the transient stability
analysis [49, 50]. There are 16 lines, 14 buses,
5 generators, 4 transformers and 11 loads in this system.
The standard IEEE 14 bus data format has been used to
load the buses and lines [48].

The following figures show several graphs
comparing the performance of 2 types of wind turbine
generators: the SCIG and the DFIG. Each graph shows
different electrical parameters as a function of time for
buses 10-14 of the network. Figure 3 presents the
variation of the voltage profile for 2 types of wind
turbines. It shows that the rotor inductance of DFIG is
higher, which results in less variation in the magnetic
field. Therefore, the voltage fluctuations are reduced,
which decreases the voltage ripple compared to the other
case and makes the voltage smoother.

1.04 1.04
e :’ 1 1 —Bus 10 Vo ‘F ‘F 1 —Bus 10
03 ! I I —Bus 11 L0 | | | —Bus 11
o e o = Bus12| [ 0 0 ] |—Bus12
’\A/‘V\’JT\’_“AFK ~—Bus 13 [—“—:—:7 —Bus 13
R e e Bus 14| 102 ——p - -~~~ ~ Bus 14
L | | |
1.01 ! |
I I I
1 R T N T
| | I
= | I I
0.99 ‘ ‘ ‘ 0.99——7‘Lff‘L77;,,,
I I I | I I
0.98 L ! L ts @ 0.98C | | b

15 20 0 5 10 15 20

10
Fig. 3. The voltage for 2 different type of wind turbine:
a — for SCIG; b — for DFIG

The following figure shows the variation of angle 6
for the 2 types of wind turbines. The phase angle curves
in Fig. 4 show that the phase angle ripples in DFIG are
more stable and converge to a constant value. This is
explained by the higher inertia compared to SCIG, which
favors a better network synchronization with this type of
generators.

-0.31

arad | | | —Bus 10 —Bus 10
032F —x+—-—-l—-—l-——|—Busll —Bus 11
\ ! ! —Bus 12 —Bus 12

| L/x,_;lf = 1 |—Bus 13 —Bus 13
g ] Bus 14 Bus 14

-0.35

Fig. 4. The angle for 2 different type of wind turbine:
a — for SCIG; b — for DFIG

Figures 5, 6 depict the variation of active and
reactive power respectively over time for the 2 types of
wind turbines. From the presented Fig. 5, the active power
of the DFIG is more stable, with only slight fluctuations,
indicating its better ability to provide constant active
power. On the other hand, for the SCIG, oscillations are
recorded on all critical buses, with less significant
variations at bus 14.

For both types of wind turbines, Fig. 6 shows that
the same reactive power is consumed to create the internal
magnetic field. This reactive power is essential for the
proper functioning of the generators, allowing them to
produce the active power.

0.9515" —Bus 10 _||—Bus 10
—Bus 11 —Bus 11
0.0452— —Bus 12 —Bus 12
—Bus 13 —Bus 13
| | A Bus 14 Bus 14
0HEE N - (R
7 N

0.935 — = —

i 0'925””\”’\”’\”7

| | | |
0 ; 10 15 v 20 @ 0925 v
Fig. 5. The active power for 2 different type of wind turbine:
a — for SCIG; b — for DFIG

ooafore T _ T T ] —Bus 10 Qe T T T 1[—Busl0
0,047 - u: -0.04] | | |
—Bus 11 —Bus 11

0068 — == = - — 4 - — 1 006 — =l—— - —d——4

| | | —Bus 12 | | | —Bus 12
008~ = —I=— — == =+ — — 4 |—Bus 13 008 = == — == -+ - —1|—Bus 13
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L e e R B Rl e e e
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004 — == — = L 004 — —l— - - — 14—
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Fig. 6. The reactive power for 2 different type of wind turbine:
a — for SCIG; b — for DFIG

Figure 7 shows the variation of frequency versus
time for both types of SCIG and DFIG wind turbines
under 3 conditions, represented by (12). This study
examines the effect of wind turbine integration on
frequency stability.
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Fig. 7. Frequency performance analysis graphs of 2 types of

wind turbines under different grid conditions: a — SCIG under
winter conditions; » — DFIG under winter conditions; ¢ — SCIG
under summer conditions; d — DFIG under summer conditions;

e — SCIG under industrial conditions;

f— DFIG under industrial condition

According to Fig. 7, the system is strongly
influenced by both grid and climatic conditions. It is
affected by climatic variations, particularly in winter and
summer, as well as by industrial factors and the type of
equipment installed on the grid.

The grid integrated wind turbine is a DFIG type,
which contributes to greater grid stability. Indeed, this
figure generally illustrates frequency variation, which is
influenced by the inertia of the DFIG. Since the inertia of
the DFIG is higher than that of the SCIG, disturbances are
more difficult to induce. Consequently, the DFIG
provides greater grid stability. Furthermore, it is possible
to produce approximately 2/3 of the power via the stator,
while approximately 1/3 of the power can be recovered by
the rotor thanks to the addition of a power electronics
stage. This configuration allows power to be distributed
between the rotor and stator, while minimizing overload
on the stator windings.

4.2. Examination of the stability of the electrical
network. Tables 4, 5 show the eigenvalue evaluation
curves for 2 types of generators: the SCIG and the DFIG,
in an electrical network, for buses 10-14. Table 4 shows
that our network is more stable when DFIG is installed,
because in case of SCIG, the minimum value of the
eigenvalues is —0.25 p.u, while for DFIG it is —1 p.u.
Thus, SCIG is very sensitive to instability, which can
cause disturbances in the system and it causes a blackout
phenomenon. In conclusion, bus 13 appears to be the

most suitable location for wind turbine integration
particularly with DFIG and SCIG technologies due to its
ability to maintain voltage levels, phase angle, power
flow, and frequency stability, thereby enhancing the
overall stability of the network.

Table 4
Network eigenvalues with integration of a wind turbine to the buses

Bus Eigenvalues of network Eigenvalues of network
with SCIG with DFIG
—7.5427+35.4824j —-100.9781+0j
—7.5427-35.4824j —0.6524+0j
10 ~10.1091+0j ~0.25+0j
—0.89032+4.1965j —0.33333+0j
—0.89032-4.1965j —1+0j
—0.25+0j
~7.5704+35.2617] —-100.9315+0j
—7.5704-35.2617j —6.2085+0j
1 —9.8834+0j —0.64742+0j
—0.91571+4.2364j —0.33333+0;
~0.91571-4.2364] —140j
—0.25+0j
~7.5704+35.2617] —-100.9315+0j
—7.5704-35.2617j —6.2085+0j
12 —9.8834+0j —0.64742+0j
—0.91571+4.2364;j —0.33333+0j
—0.91571-4.2364j —1+0j
—0.25+0j
—7.5178+35.3704j —100.8581+0j
—7.5178-35.3704j —5.7772+0j
13 —10.3942+0j —0.64476 +0j
—0.89366+4.2294;j —0.33333+0j
—0.89366-4.2294j —1+0j
—0.25+0j
—7.4181+34.68222j —101.282+0j
—7.4181-34.68222j —0.64034+05
14 —9.3169+0j —0.25+0j
—0.92836+4.2348j —0.33333+0j
—0.92836-4.2348j —~1+0j
—0.25+0j

4.3. Comparative study. Table 5 contrasts the advised
approaches with the current state of the art approaches. One
has extended the approach from [51], which just uses an
IEEE 14 bus network for voltage analysis. However, this
approach is flawed since it fails to account for network
frequency. One tested both voltage and frequency during the
investigation because they are complementary.

Table 5
Comparison with the existing state of art methods
Work [51] Proposed work
Bus number V, p.u. 0, rad V, p.u. 6, rad

1 1.06200 | 0.00000 | 1.06000 | 0.00000

2 1.04500 | —0.13560 | 1.04500 | —0.13451

3 1.01300 | —0.33210 | 1.01000 | —0.32979

4 0.99700 | —0.26440 | 0.99800 | —0.26152

5 1.00200 | —0.22690 | 1.00300 | —0.22553

6 1.07400 | —0.36950 | 1.07000 | —0.37431

7 1.03600 | —0.33930 | 1.03700 | —0.35054

8 1.09300 | —0.33930 | 1.09000 | —0.35054

9 1.01200 | —0.37900 | 1.01600 | —0.39755

10 1.01200 | —0.38440 | 1.01500 | —0.40046

11 1.03500 | —0.37980 | 1.03600 | —0.39025

12 1.04600 | —0.90590 | 1.04800 | —0.39615

13 1.03600 | —0.39140 | 1.04000 | —0.39863

14 0.99600 | —0.41050 | 1.01300 | —0.42544
In contrast to work [51], in which were used
automatic voltage regulators (AVRs) and turbine

14
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governors (TGs) in the network IEEE 14 bus, only TGs
are used, which enables one to drastically cut costs. In
contrast to [51], which compares the power factor (PF) on
a single bus 14 when a wind turbine is integrated into the
IEEE 14 network versus not, this work first compares the
integration of 2 different kinds of wind turbines before
calculating the PF on multiple buses (10-14) to identify
the best wind turbine and where to put it.

Conclusions. Concretely, the integration of renewable
energies is essential today in the face of the continuous
increase in electricity consumption. Renewable energies,
such as wind power, are inexhaustible, sustainable, and
profitable. However, their production is highly dependent on
natural conditions, making grid stability more difficult to
ensure without appropriate monitoring mechanisms.

In this study, we modeled the integration of SCIG
and DFIG generators into the IEEE 14 standard bus
network using the small signal stability analysis approach
to analyze their dynamic behavior and grid compatibility.
The results show that DFIG offers better performance in
terms of stability, voltage, frequency, and compliance
with grid requirements. Bus 13 was identified as the
optimal location for connecting a DFIG based wind farm.

Thus, the objective of this research, which was to
evaluate and compare the dynamic performance of SCIG and
DFIG generators and to determine their improved placement
within the IEEE 14 bus network, was fully achieved.

Future research will focus on improving existing
wind turbine technologies and jointly optimizing the
placement of wind turbines and FACTS devices to
improve the overall performance of the power grid.
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