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Abstract- Integrated wind farms face significant challenges due to
strict grid code requirements. Maintaining voltage stability is
especially important for wind farms that are connected to the electrical
grid. This research paper examines how FACTS devices, specifically
Static Synchronous Compensators (STATCOMSs), can be used to
resolve voltage stability issues in wind farms and fuel cell power plants
that employ Double Fed Induction Generators (DFIGS) and are
connected to both loads and the power grid. During fault ride-throughs
and power outages, wind farms face challenges such as voltage dips
and fluctuations, which can negatively impact the grid. As a result,
wind turbines require a stable grid to function effectively. In the
absence of voltage stability measures, wind farms may experience
reduced productivity, equipment failure, and downtime. As a dynamic
voltage restorer, FACTS devices will be used. Thus, stable voltage
levels are maintained, and power interruptions are prevented at DFIG-
based wind farms. Three-phase impedance faults on load buses and
25% voltage sags on high voltage buses were examined in this study.
STATCOMs were implemented as dynamic voltage restorers during
fault ride-throughs and power grid disruptions in the
MATLAB/SIMULINK simulations to mitigate voltage dips and
fluctuations experienced by wind farms and fuel cells. Simulation
results showed that STATCOMs significantly reduced downtime,
increased power output, and minimized equipment failures in wind
farms.

Index terms: DFIG, Wind turbine, short circuit, Voltage Sag and
STATCOM.

I.  INTRODUCTION

As renewable energy technologies have become more
prevalent in electrical grids, engineers and researchers are
placing more emphasis on optimizing the conversion of wind
energy to electrical energy and ensuring the stable performance
of wind farms that are connected to the power grid. This has
resulted in the emergence of innovative technologies for
systems that convert wind energy into electricity. At present,
the most commonly used technology is the DFIG based variable
speed wind energy conversion system, which offers numerous
advantages [1]-[5]. The DFIG system involves linking the
induction generator to the power grid via connecting both the
stator and rotor terminals using a partially rated AC/DC/AC
converter that operates at variable frequencies. Although using
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wind power as a source of clean and renewable energy has
many benefits, introducing a large amount of wind power into
the electrical system can also give rise to fresh problems and
challenges that require attention. To tackle these issues, a
combination of wind power generation and hydrogen-based
power generation could greatly enhance the supply security of
the power grid, leading to improved operational efficiency for
the utilities that maintain it [6]-[9].

When a wind turbine (WT) that utilizes a DFIG is linked to
an electric grid that has a low short circuit ratio and is
considered weak., in the event of a grid disturbance or heavy
load operation, the WT may not be capable of providing
adequate reactive power and voltage support. because the grid-
side converter (GSC) has limited power capacity [10]-[12]. This
situation may result in instability of the voltage, the possibility
of the WT being disconnected from the grid, and damage to the
DFIG's power electronic converters due to high induced
voltage. So, transient voltage stability is a crucial aspect of
power system operation. It pertains to the capacity of the power
system to keep the voltage level within acceptable parameters
during regular and irregular circumstances. Voltage stability is
affected by various factors such as load demand, generation
capacity, and transmission system constraints. \oltage
instability can lead to voltage collapse and blackout, which can
have severe consequences on the power system and the
connected loads. In recent years, the integration of renewable
energy sources (RES) such as photovoltaic (PV) systems and
solid oxide fuel cell (SOFC) has gained significant attention due
to their environmental and economic benefits. However, the
integration of RES has a great effect on the voltage stability of
the electrical grid, especially in a distribution network. The
integration of renewable energy systems into the power grid can
lead to voltage instability due to their variable nature. To
mitigate this problem, researchers have proposed various
solutions, including the use of Distribution Static Compensator
(DSTATCOM) to enhance the transient voltage stability of
PV/fuel cell systems [9], [13], [14].

There are various techniques that have been developed for
voltage stability enhancement, such as [15]-[19]. FACTS
Devices are power electronics-based devices that can provide
voltage control and enhance the power system voltage stability.
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The most commonly used FACTS devices for voltage stability
enhancement are Static Var Compensator (SVC), STATCOM,
and Unified Power Flow Controller (UPFC). These tools
introduce reactive power into the power system to reinforce
voltage and ensure its stability. Control Methods, various
control methods have been proposed for voltage stability
enhancement. Some of the commonly used control methods are
proportional-integral-derivative (PID) control, fuzzy logic
control, and adaptive control. These control methods are used
to regulate the output of FACTS components and maintain the
system voltage stability. Renewable Energy Sources, the
incorporation of RES, like wind and solar power, into the power
grid has a noticeable effect on voltage stability. The intermittent
nature of these sources can cause voltage fluctuations and
instability. However, through the utilization of energy storage
systems and sophisticated control methods, it is possible to
preserve the voltage stability of the power system. Load
Shedding, load shedding is a method employed in emergency
situations to ensure the stability of the power system. In case of
voltage instability, load shedding can be used to reduce the
demand on the system and maintain the system voltage
stability. Power System Planning, power system planning isan
essential aspect of voltage stability enhancement. Determining
the most effective location for FACTS components,
transmission lines, and generators can improve the voltage
stability of the system. Furthermore, proper planning can help
in reducing the power losses and improving the overall
efficiency of the system.

To ensure that WTs equipped with DFIGs operate without
interruptions, it is essential to maintain voltage stability. When
connected to the grid, DFIGs FIGs) can produce both active
power and reactive power autonomously. However, because of
their limited reactive power capacity and remote location, they
are unable to supply enough reactive power support without an
external dynamic reactive power compensation device. Shunt
FACTS devices such as SVC, Unified Power Flow Controllers
(UPFC), and STATCOM Have been extensively employed to
attain superior steady-state and transient control of voltage [10],
[20].

This research aims to investigate the voltage stability of a
medium-power wind park (9MW) that is linked to a distribution
grid and has a hydrogen-based storage system. To achieve this
goal, the entire system will be modeled, including the wind
farm with DFIG, SOFC-based energy storage system, a DC/DC
converter with a boost function and a three-phase inverter that
features active and reactive power control. The primary goal of

this research can be summarized as:

» Modeling for a wind energy conversion system that
operates at variable speeds and utilizes a DFIG as a power
generation unit.

» Modeling, control, and operation of a SOFC Power Plant
in grid connected system.

» Modeling the microgrid system (WT/FC) integrated with
the grid.

» Examining how grid faults impact the dynamic
performance of a variable-speed wind-driven DFIG when
linked to the grid.

» Studying the impact of STATCOM on enhancement of

transient voltage stability of proposed hybrid system.
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Il.  MODELING OF POWER SYSTEM COMPONENTS

This section will cover the creation of models for various power
system components, including DFIG wind turbines, SOFCs,
and STATCOMs.

A. Modeling of Wind Power Plant
The composition of modern wind power plants involves various
components, including the rotor, gearbox, DFIG. The following
sections provide an explanation of the WT and DFIG modeling.
The power-speed parameters of WT are crucial in determining
its aerodynamic behavior. Both the wind speed and the rotor
speed have an impact on how much power the turbine produces.
The following equation can be used to mathematically express
the power that the turbine is able to capture [21].

P = 5 pAUc, (B, 1) €
In the given equation, the variables represent the following: p
denotes air density in (kg/ms3), A represents the cross-sectional
area of the WT rotor in (m2), U signifies the wind speed in (m/s),
and Cp (B, ) represents the power coefficient, which is
dependent on both the pitch angle B and tip speed ratio (A). A is
formulated as follows [22]:

A= 2T @

In the equation provided, wr denotes the angular speed of WT
rotor, and RT represents the radius of WT rotor in meters (m).
Figure 1 displays the power coefficient function Cp as a
function of A, and it is parameterized with respect to the pitch
angle B. Based on Figure 1, it is clear that to achieve maximum
energy capture, at all wind speeds, it's essential to maintain the
ideal tip speed ratio, which equates to the greatest power
coefficient. DFIG, both in its stationary and rotating
components, is equipped with windings that efficiently transmit
a significant amount of power from the shaft to the electrical
system. These doubly fed machines are commonly utilized in
applications where a constant power system frequency is
desired alongside variable machine shaft speed.
Figure 2 provides an illustration of the WT and DFIG. The
AC/DC/AC converter is composed of two primary subsystems:
The first one is the Rotor-Side Converter (RSC) that takes this
name because it is connected to the rotor and the Grid-Side
Converter (GSC) that is connected directly to the grid. These
converters utilize Insulated Gate Bipolar Transistors (IGBTS)
in order to transform DC voltage into AC voltage. A capacitor
on the DC side is linked to the DC voltage source. The Park
equations can be used to model the dynamics of the doubly fed
induction generator [10]. Based on this principle the voltages
appeared on the stator and rotor terminals are written as follows
[22]:

dirgs

Vis = Rylgs + 22 + weig 3)
Vas = Rylgs + 7582 — oo sgs (4)
Vor = Relgr + 2+ (000 War 6)
Var = Relar + 22 — (@, — 0,)Wgr (6)
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Figure 1: Cp as function of A.
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Figure 2: DFIG structure.

The electromagnetic torque generated by the DFIG can be
represented as a function of the torque provided by the turbine.

dom

n + W T

3P
T. = E;(q}dslqs - qulds) =2H (7
In the given context, the variable Tr, represents the mechanical
output torque. The active and reactive power generated in the
stator can be computed using the following equations:

3
Py = 3 (Vaslas + Vqslqs) (8)

3
Qs = Py (Vqslds - Vdslqs) )
To regulate the WT generation, the DC bus voltage and either
the reactive power or the grid terminal voltage, the control
system generates voltage commands (Vr and Vgc) and a pitch
angle command for the RSC and GSC, correspondingly.

B. Modeling of SOFCs Stack

The fundamental physical construction of an FC comprises a
porous anode and cathode on opposite sides of an electrolyte
layer that are in direct contact with each other. A schematic
diagram in Figure 3 illustrates a fuel cell, indicating the flow
directions of reactant and product gases as well as ion
conduction. In a conventional fuel cell, an electrochemical
reaction occurs at the electrodes, resulting in the generation of
an electric current. An oxidant, such as oxygen, is continually
delivered to the anode, while gaseous fuels are continually
provided to the cathode. The electrolyte of SOFCs is made of
solid, nonporous metal oxide ZrO; that has been stabilized with
Y,05 [20]-[23]. Energy gets released in this reaction. At the
cathode, the combination of oxygen with H+ ions and electrons
absorbed from the electrode results in the production of water.
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E = No (Eg + = [In (10)

PH2PY3
PH20 ])
E indicates both the partial pressures of reactants and
byproducts in a system as well as the ideal equilibrium
potential, which changes with temperature, while Eo represents
the ideal standard potential of individual FC. The series
connected cells connected is denoted by No, the gas constant is
denoted by R (8.31 J/mol-K), the working temperature of the
SOFC is denoted by T, the Faraday constant is denoted by F
(96487 C/maol), while the partial pressures of H2, 02, and H20
are denoted by Pr2, Po2, and Phzo, respectively.

Electric Current
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=
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Figure 3: Diagram of a single SOFC.

The generated voltage of the FC stack can be changed to the
necessary dc bus voltage using a boost dc/dc conver that is
controlled by a traditional PI controller. The required (860 V)
on the DC voltage bus is compared to the converter output
voltage, while PI controller receives the error signal in order to
operate the PWM pulse generator. To regulate the power
electronic switch, the PWM pulse generator is going to produce
pulse sequences with the desired duty ratio. Controlled
switching is implemented to regulate the output voltage within
a predetermined range in this study. Specifically, the output
voltage is kept within a range of 0.58% (from 855 to 865 V)
through the application of controlled switching techniques.
The output of the Voltage Source Inverter (VSI) must be shaped
and managed in order to satisfy the prerequisites for connecting
the SOFC stack to a grid and efficiently manage the flow of
active and reactive components of power [24]. For the inverter,
a sinusoidal PWM (SPWM) controller is created to manage
reactive and actual power as well as satisfy voltage regulation.
A control system that uses an inner current control loop and an
exterior voltage regulator to regulate both real and reactive
power. The inverter was controlled in this study using this
control method. The control system employs the abc/dqg0
transformation method to convert time-varying variables from
a fixed abc frame of reference to DC signals within a rotating
dqo frame of reference that is synchronized with the system's
dynamics. This transformation simplifies the control algorithms
and enhances the system's control efficiency. It enables
accurate regulation of the system's behavior in the dqo frame,
leading to improved control performance and operational
effectiveness. Next, the voltage and current controllers receive
the dqo signals as inputs. The voltage and current controllers are
selected as Pl compensators.
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C. Modeling of STATCOM

The STATCOM capacitive is supporting the system's voltage
during low system voltage conditions. In contrast, the
STATCOM draws inductive power (STATCOM inductive)
when the grid voltage is high in order to control and stabilize
the voltage. A voltage source converter (VSC) that is coupled
to the secondary winding of the transformer couple, regulates
the amount of reactive power. The VSC transforms the constant
DC voltage into the necessary value represented by V2 by using
power electronic components like Gate Turn-Off thyristors
(GTOs), Insulated Gate Bipolar Transistors (IGBTs), or
Integrated Gate-Commutated Thyristors (IGCTs). The
interchange of active and reactive power between the two
voltage sources, V1 (voltage source) and V2, which is produced
by the VSC [14] as an illustration of the STATCOM's working
principle. The STATCOM has the ability to control and
maintain the system voltage thanks to this exchange.

Figure 4 shows the STATCOM's control system, which
includes a phase-locked loop (PLL) that synchronizes with the
three-phase primary voltage's positive sequence component,
V1. The direct-axis (Vd) and quadrature-axis (V) components
of the AC voltages, as well as the direct-axis (ld) and
quadrature-axis (Ig) components of the AC currents, are
calculated using the PLL's output. These variables are essential
to the management and operation of STATCOM. Measurement
systems are utilized to measure the DC voltage Vg, and the d
and g components of the AC voltages and currents that
necessitate control and management.

Figure 4: Schematic Diagram of STATCOM control system.

AC and DC voltage regulators make up the STATCOM's
external regulation loop. While the DC voltage regulator creates
the base current (larer) for the current regulator, the AC voltage
regulator generates the base current (lqwf). The PWM converter
(V2d, V2q) controls the current regulator, which is a component
of the inner current regulation loop and is in charge of
controlling the amplitude and phase of lgrer and iqrer. A feed-
forward type regulator uses V1 measurements (V1g, V1q) and the
transformer's leakage reactance to forecast the V2 voltage
output  (Vag, V2q), improving the current regulator's
performance. Power flow between the AC system and the
STATCOM is effectively managed by altering the magnitude
and phase of the STATCOM's produced voltage. The reference
currents are represented by the controller outputs Id_ref and
Ig_ref in dqg coordinates. Equations (11) and (12) show how
important these reference currents are for estimating the power
supplied by the STATCOM [9].
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Py = Vi(I cos8; + I,sin ;) = VI, + V1,
Qinj = Vi(Iysin@; — I, cos8;) = =V, I, + V1,

(11)
(12)

Through the manipulation of these control variables, the
STATCOM can efficiently handle and oversee the reactive
power and current flow, ensuring the maintenance of the
desired system performance and stability.

I1l. SIMULATION RESULTS AND DISCUSSIONS

Simulations were run using MATLAB SIMULINK to assess
the impact of the STATCOM on the voltage profile of a weak
grid [25]. The study aimed to assess the performance of the grid
under various transient scenarios, including a three-phase fault,
sudden load shift, and voltage sag on the high voltage bus of the
system. The system comprises six Doubly Fed Induction
Generators. These DFIGs operate under similar conditions. The
external grid utility to which the proposed wind farm and SOFC
systems are integrated has a limited short circuit capacity of 50
MVA, indicating its weakness in responding to disturbances in
the system. Additionally, a 5 MW load is integrated into the
entire system via the load bus. The voltage at the load bus is
stepped down to 600V. The DFIG Wind Turbines run at a
power factor that is nearly unity, resulting in negligible reactive
power generation. The active power required by the load is
divided between the DFIG and the SOFC. According to the
previous analysis, a 1.25 kV/30 kV transformer connects a
STATCOM, which acts as an active component for voltage
support, to the system.

» Case one: Three-Phase to Ground Fault

The impact of a three-phase short circuit fault with high
impedance (X=3) subjected to the terminals of the load is
analyzed. The fault begins at t=2.0 seconds and lasts until t=2.2
seconds. Two scenarios are considered in this case: (i) without
any compensation, and (ii) with a 20 MVA rated STATCOM.
The voltage measured at the terminals of the load (referred to
as the fault bus) is depicted in Figure 5 for both test cases.
Without a compensating device, after the defect has been fixed,
the voltage takes a while to recover. Utilizing STATCOM will
help with reactive power, faster recovery times, and the use of
constant voltage. The voltage at the DFIG bus is depicted in
Figure 6 for the two scenarios. Due to the system's need for
some reactive power to assist in stabilizing the voltages at
various nodes, this voltage's recovery time is more than that in
the case of load voltage. When STATCOM s used, the time
required is less than it would be if no compensating devices
were used. The voltage at the SOFC bus is depicted in Figure
7. Due to STATCOM's sole responsibility for meeting the
system's overall reactive power demand, the SOFC continues to
function correctly even when there is a failure. During a fault,
STATCOM's reactive power assistance helped to raise voltage
magnitude at all power system buses. The voltage signals
measured at the common bus are presented in Figure 8. By
integrating a STATCOM into the system, numerous advantages
can be observed when a fault occurs. Firstly, during the fault,
the presence of a STATCOM results in an elevation of the bus
voltage, offering support to the system's voltage. This assists in
reducing the adverse impacts of the fault and maintaining stable
voltage levels. Moreover, the utilization of a STATCOM
facilitates a faster recovery time after the fault is cleared. It
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accomplishes this by injecting reactive components into the
grid and effectively managing the voltage levels. Consequently,
STATCOM aids in swiftly restoring the system to its normal
operating condition. This leads to minimized downtime and
enhanced overall stability and performance of the power
system.

Figure 9 illustrates the active and reactive powers supplied
by the STATCOM, while Figure 10 displays its terminal
voltage on both the ac and dc sides. Att = 2.0 sec, a three-phase
fault at the terminals of the load is simulated. The fault is
formulated through high impedance. Consequently, this causes
a drop in voltage at the fault bus. This triggers the behavior of
the STATCOM. The magnitude of the required reactive power
depends on how much voltage is dropped. Even in low voltage
environments, the device is intended to function well. In these
circumstances, the STATCOM supplies its allotted reactive
power to guarantee voltage stability at the faulted bus.

At t=2.2 sec, time of fault clearance, until t=2.3 sec, when
the system has fully recovered, the STATCOM assists the RSC
in returning to full functionality. As the fault is fixed at t=2.2
seconds, the voltage starts to rise, and the reactive power
generated from the device exceeds the required amount.
However, since this overshoot remains well within the carrying
capacity and limits of the STATCOM, it can be disregarded as
a transient. At t=2.0 and t=2.2 sec, an insignificant value of real
power exchange takes place, accompanied by a transient
recorded in the dc voltage of the STATCOM.

T T ——with STATOOM

—without STATCOM |}

Figure 5: Load bus voltage under three phase faults.
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Figure 6: DFIG bus voltage under three phase faults.
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Figure 7: SOFC bus voltage under three phases faults.
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Figure 8: Voltage at the common busbar under three phase faults.
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Figure 9: STATCOM generated power under three phase faults.
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Figure 10: AC and DC bus voltages under three phase faults.

» Case two: 25% Voltage Sag at the Infinite Bus

At t=2.0 seconds, there was a voltage sag of 25% of the
rated voltage at the 25kV bus, and the problem was resolved at
t=2.2 seconds. Figure 11 illustrates the voltages measured at the
AC and DC hus, and its behavior mirrors that of the three-phase
fault case. The DC bus voltage experiences a step disturbance
at the occurrence of the fault (t=2.0 sec) and its clearance (t=2.2
sec). However, the control system effectively maintains a
constant voltage throughout the entire duration, ensuring
stability and reliable operation of the STATCOM.

Figure 12 displays information about the reactive and
active power components of the STATCOM. Throughout the
fault period, the STATCOM possesses a vital function in
enhancing the voltage across all nodes by injecting reactive
power into the system. This helps in the stabilization and
support of voltage levels. The real power generation of the
STATCOM s subject to changes due to variations in the DC
bus voltage during the fault occurrence and clearance. The
fluctuations in the DC bus voltage impact the real power
produced from the STATCOM during these fault events.
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Figure 11: AC and DC bus voltages of the STATCOM for 25% voltage sag.
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IV. CONCLUSION

This research focuses on the integration of a wind farm with the utility
grid, incorporating SOFC. A dynamic model has been developed and
presented to analyze this integration process. To prevent excessive
charging of auxiliary storage devices and ensure a rapid response from
the fuel cell, a novel technique has been proposed. This technique
involves making simultaneous step and ramp changes in the fuel cell
reference power. Remarkably, the fuel cell exhibited a response rate
that exceeded expectations. The study also explores the
implementation of a three-phase VSI model with a PQ control
approach, which demonstrates a fast and accurate response. As a result
of this control approach, the integrated DFIG Wind Park + SOFC
system is now capable of generating reactive power. In particular, the
research focuses on modeling a DFIG within the system. The DFIG
requires adjustments in reactive power during disturbances on the grid
side. To address this, a properly sized STATCOM can be employed to
correct the reactive power when connected to an unstable grid.
According to simulation tests, the STATCOM's additional voltage and
reactive power support considerably improves the turbine ability to
recover from faults by hastening the restoration of voltage
characteristics.
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