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Abstract: The issues of low inertia, overvoltage, and wide-frequency oscillations in high-
proportion renewable energy systems have become prominent, posing major challenges to
renewable energy integration and threatening grid stability. Currently, many wind-rich
areas ensure grid safety and stability by reducing wind farm output. To enhance the active
power delivery capability of wind farms, this paper proposes a hybrid solution of a small
synchronous condenser (SC) and static var generator (SVG) within wind farm stations to
optimize reactive power and voltage at the point of grid connection. First, it was analyzed
that the low short-circuit ratio (SCR) is a key factor affecting the stable operation of wind
farms, and the sub-transient reactance of the SC can increase the SCR. Based on this, a
method for configuring the capacity of the SC was developed. Next, simulation models
for both the SC and the SVG were established, and their reactive power compensation
capabilities were verified. The hybrid control approach combined the advantages of both
devices, providing comprehensive voltage support across sub-transient, transient, and
steady-state conditions for renewable energy stations. Furthermore, based on a practical
50.5 MW wind farm, which has been operating with a power delivery consistently limited
to 60% of its capacity, a simulation model and scenarios were set up. A comparison of the
simulation results shows that, with only the SVG in operation, the wind farm is prone to
oscillations after a grid fault. However, after adopting the hybrid control of the SC and
SVG, the wind farm operates stably. Therefore, installing a small SC within wind farms can
effectively address the limitations of voltage stability and a low short-circuit ratio, thereby
supporting higher levels of renewable energy integration.

Keywords: wind farms; synchronous condenser; short-circuit ratio; weak grid; static var
generator; reactive power support; wind power delivery

1. Introduction

With the global transition toward sustainable energy development, wind power, as
a clean and renewable energy source, is becoming an increasingly prominent component
of the global energy supply [1-3]. The large-scale integration of wind power and other
renewable energy sources into the grid presents a number of challenges for power systems.
Firstly, the SCR at renewable energy sites is decreasing, which consequently reduces
the voltage support capability of the grid at the point of connection (PoC). Secondly, in
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the event of a grid fault, there is a time delay in the reactive power response of wind
turbine converters, which may result in a potential reactive power surplus immediately
following fault clearance. This can result in transient overvoltage phenomena, which
may compromise the safe and stable operation of grid-connected wind turbines [4]. Grid
instability is frequently linked to low SCRs and weak power grids with high renewable
energy penetration. This not only constrains the power output of wind farms but also
undermines the cost-effectiveness and reliability of the power system. Consequently,
strengthening a weak grid’s SCRs and optimizing the reactive power support strategies for
wind farms are vital to guaranteeing the stability of the power system and enhancing the
integration of wind power.

The recurrent occurrence of significant incidents of wind turbines cascading off-grid
has led to a consistent emphasis in analyses of past events on the issue of the insufficient
dynamic reactive power compensation capability in wind farms. To enhance the reactive
voltage support capability in wind power aggregated areas, the deployment of dynamic
reactive power compensation devices has become a critical technical solution [5]. These
technologies, which mainly include synchronous condensers (5Cs), static var compensators
(SVCs), and static var generators (SVGs), can effectively compensate for the power factor of
wind farms, reduce transmission line losses, and enhance the transmission capacity and
stability of the power grid.

The SC can be regarded as a large-capacity synchronous motor operating at no load,
consuming only a small amount of active power to compensate for operational losses and
overcome the damping torque of its rotating components. The SC is capable of rapidly
absorbing or supplying substantial quantities of reactive power in response to fluctuations
in voltage levels. Its key advantages include the capability to regulate reactive power in both
directions with exceptional voltage regulation characteristics. However, it also presents
certain limitations, such as a slower response speed and higher investment/operational
costs [6,7].

Since the 1980s, with the significant advancements in power electronics technology, the
traditional role of SCs in power systems has gradually supplanted modern static reactive
power compensation devices, such as SVGs and SVCs, which provide more efficient and
flexible reactive power support [8]. Despite the potential obsolescence of traditional SCs due
to technological substitution and operational costs, they have once again become essential
reactive power compensation devices in various scenarios, including classic high-voltage
direct-current (HVDC) converter stations, power substations connected with high-capacity
renewable generation infrastructure, and renewable energy plants.

The inherent randomness and intermittency of wind farms frequently result in com-
plications such as voltage instability and increased line losses within the power grid. To
address these issues, reactive power compensation devices are employed to improve the
grid power quality, reduce grid losses, mitigate transient voltage fluctuations during grid
faults, and enhance the operational stability and safety of the power grid. The majority
of wind farms are often equipped with SVGs or SVCs for reactive power compensation.
However, with the growing technical demands for renewable energy sources to provide
essential inertia and short-circuit capacity support, SCs are being increasingly considered
as an alternative for dynamic reactive power compensation in wind farms.

A substantial body of research has been conducted by numerous scholars on the
response capabilities and excitation control of SCs. Igbinovia FO. et al. [9] explored the
key role of SCs in improving voltage stability in modern power systems and conducted a
simulation study combining SCs with wind power generation. A. Nazir [10] highlighted the
importance of the rapid reactive power response of SCs in HVDC systems for suppressing
transient overvoltage caused by disturbances in DC systems, which greatly enhances grid
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stability after wind farm integration. Chaobo Dai et al. [11] used electromagnetic transient
digital simulation, combined with SC model data and typical parameters of excitation
control systems, to systematically analyze the reactive power response speed of SCs in three
dimensions: excitation regulation, grid voltage amplitude, and phase variation. Hadavi
S. et al. [12] proposed a data-driven design method for SCs operating in weak grid and
low-inertia systems, developing a high-order optimized excitation controller. The research
results validated the controller’s significant effectiveness in enhancing system stability after
faults. To address the challenges posed by transient overvoltage, Mengyang Zhao [13]
proposed an innovative method of using SCs for dynamic reactive power allocation to
reduce the risk of transient overvoltage in DC sending systems, for which they established
an optimization model. Hanhua Zhang [14], based on a case study of the Ningxia Mahuang-
shan Phase IV Wind Farm, simulated and verified the impact of SCs on the SCR of multiple
renewable energy plants. The results showed that the operation of SCs significantly im-
proved the minimum SCR at each node, thereby enhancing the grid’s voltage support
capability. Nair A.R. et al. [15] developed a coordinated control framework considering
SCs for weak-grid systems integrated with renewable energy, developed a grid model,
conducted linearized analysis, and proposed parameter optimization design guidelines.
The simulations verified improvements in grid control and enhanced stability, but the
authors did not analyze the increase in transmission capacity from a system perspective.
Stiger, A. et al. [16] discussed the challenges currently faced by power systems, especially
after the integration of large-scale renewable energy, where short-circuit contribution and
inertia become more important. They also explored the impact of changes in system pa-
rameters, such as harmonic resonance and SCR, on power quality devices (such as SVC,
STATCOM, HVDC, MSC, and harmonic filters). The study made a positive contribution to
grid stability analysis. In summary, most studies on grid-connected wind farm systems
with SCs focus on the enhancement of voltage support capability and the suppression of
transient overvoltage, with few analyses on the improvement in wind farm transmission
capacity after the deployment of SCs.
The objective of this study includes the following:

e To examine the mechanism of output limitation for wind farms connected to the weak
grid by analyzing the SCR constraint in the grid code, as well as the relationship
between the voltage and output power at the PoC.

e  To quantify the benefits of enhancing the power output of wind farms connected to
weak grids by simulating a 50.5 MW wind farm grid integration model using the
hybrid solution combining a 10 Mvar SC and a 12 Mvar SVG.

The proposed hybrid solution combining an SC and SVG has the potential to effectively
mitigate transient overvoltage issues, enhance the wind farm’s voltage response to transient
disturbances, and increase the power output of the wind farm.

The rest of this paper is organized as follows. The mechanism of the power output
limitation of wind farms is introduced in Section 2. Section 3 gives general models of
reactive power compensation devices in wind farms. Section 4 establishes a wind farm
grid integration model with SCs and SVGs. In Section 5, simulation results are given to
demonstrate the results of the power output of wind farms with SCs and SVGs, followed
by discussions and conclusions.

2. Mechanism Analysis of Power Output Limitation in Wind Farms
Connected to Weak Grid

Wind farms frequently encounter challenges associated with weak grids, such as low
SCRs and an abnormal sensitivity to voltage fluctuations. When reactive power regulation
is based exclusively on SVGs, wind farms may encounter transient overvoltage issues
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during grid voltage faults. In order to ensure grid stability, the output of wind farms is
frequently restricted, preventing them from fully achieving their generation potential. In
wind farms, the SCR is a key parameter that measures the grid’s voltage support capability,
directly influencing grid integration and power delivery. The following section presents
a comprehensive analysis of the mechanisms underlying system stability and output
limitations in wind farms from the perspective of the SCR.

2.1. Short-Circuit Ratio

In order to facilitate the analysis of the system, a single-infeed AC equivalent system
is constructed. The Thevenin equivalent method is typically employed to simplify the
receiving-end AC grid into a model comprising an ideal voltage source and equivalent
impedance, as shown in Figure 1, where Uy represents the rated voltage of the grid, Py de-
notes the rated power of DC transmission, and S,. represents the short-circuit capacity [17].

U, Z,=R+jX Upor
al
(COH——m | LA
S =P+jO

Figure 1. Single-feed AC equivalent system.

The SCR is employed to measure a system’s ability to withstand voltage fluctuations
in response to a fault. In the context of a wind farm, the SCR is defined as the ratio of the
short-circuit capacity at the grid connection point to the rated capacity of the wind farm
and reflects the wind farm’s capability to support the grid during short-circuit faults. The
expression for the SCR is described in the following equation:

Sac uPOC2
Kscr = 5= = 5—5— 1)
Py Pn:|Zn]|
where Kgcr is the SCR, S, is the short-circuit capacity at the PoC, Py is the rated capacity
of the wind farm, Upoc is the voltage at the PoC, and Zy is the equivalent impedance of
the AC system.

When the open-circuit voltage is 1.0 pu, the SCR can be expressed as

Sac 1

Ksep= 2= -~ 2
SRT Py~ PalZy] ®

Further, if the rated power (Py) is used as the per-unit base value, i.e., Py = 1 pu, the
SCR can be expressed as

Sac Upoc? 1
K = — = = , 3
SRT Py T PulZa] (2] ©

2.2. Critical Short-Circuit Ratio

The critical short-circuit ratio (CSCR) is a quantitative measure of the relationship
between the SCR and voltage stability. It is typically defined as the minimum SCR required
for the system to maintain voltage stability and avoid equipment overload. When the actual
SCR falls below this critical value, the grid may not be able to maintain voltage stability
during short-circuit faults, or the wind farm may not be able to provide sufficient reactive
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support to sustain grid stability. Therefore, the critical SCR is closely related to the unstable
conditions of the system during short-circuit faults.

By combining the maximum active power output (Pmax) and using the definition of
the SCR of the wind farm, the CSCR for the system can be calculated. This is the minimum
SCR threshold at which the system can maintain stable operation under the current reactive
power level and can be expressed as

Sac Sac
K = = - , 4
CSCR Smax |Pmax + ]Q| ( )

where Kcscr is the critical SCR, Smax is the maximum short-circuit capacity at the PoC, and
Prmax and Q are the maximum active power output and the corresponding reactive power
of the wind farm, respectively.

Unlike the SCR, the CSCR for a single-infeed renewable plant is a parameter that
is only related to the AC system side. Due to variations in system operating conditions,
parameters such as Pmax, Zn, and Upoc change, and as a result, the precise value of the
CSCR also varies.

2.3. Definition of a Weak Grid by SCR Levels

Weak grids are considered high-impedance connection points and have volatile volt-
age, and the SCR is a core concept in their definition. As shown in Table 1, there are different
definitions of grid strength according to the SCR level.

Table 1. Grid strength according to SCR level [18].

Source Very Weak Weak Strong
[19] N.A. SCR <10 SCR > 20
[20] SCR <3 3<SCR<5 N.A.
[21] SCR <2 2<SCR<3 SCR >3
[22] N.A. SCR < 6-10 SCR > 20-25
[23] SCR=1 N.A. N.A.
[24] N.A. SCR=6 N.A.

The New Zealand definition of a weak grid might lean toward SCR < 5 rather than a
traditional value of 3, according to simulated results based on actual grids [25].

In China, according to [26-28], the SCR for renewable energy plants must meet specific
requirements to ensure the stability and safety of the power system. Specifically, these
plants should have sufficient inertia and short-circuit capacity support to maintain the
voltage at the grid connection point within the specified range and ensure stable operation
with an SCR not lower than 1.5. The classification standards for system strength are
as follows:

e  Strong system: the SCR is greater than 3.0;
e  Weak system: the SCR is between 2.0 and 3.0;
e  Very weak system: the SCR is lower than 2.0.

2.4. The Principle of Adding an SC to Increase the Short-Circuit Capacity Ratio

Consider a specific short-circuit point I, in the power system, where the effect of
resistance can be neglected and the system can be represented by the circuit model shown
in Figure 2. In this model, Us represents the source voltage and Xt represents the transfer
impedance of the network, i.e., the equivalent positive-sequence reactance between the
source and the short-circuit point K. Additionally, X; is defined as the system’s equivalent
positive-sequence reactance from the SC connection point to the short-circuit point K.
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When the SC is integrated into the grid, it can be simplified as an inductive branch with
a voltage source in parallel with the grid. In this simplified model, X¢ represents the
positive-sequence reactance of the SC.

U X,

s

Figure 2. The system diagram after the SC is connected.

The integration of the SC into the grid has a significant impact on the short-circuit
current at the fault point K. When the condenser is not connected, the short-circuit current
is given by the following equation:

I

Le= -
ac XT+XL

©)
However, once the SC is connected to the grid, it introduces a new inductance X¢ in
parallel, and the short-circuit current calculation formula becomes

, I

. S
 Xr+ X/ /X’ ©)

Since the parallel reactance of X; and X¢ is smaller than the original reactance Xi, the
new short-circuit current I, becomes bigger than I,.. This indicates that the integration
of the SC not only enhances the short-circuit current but also increases the system’s short-
circuit capacity, thereby improving the grid’s ability to withstand short-circuit faults.

3. Modeling of Reactive Power Compensation Devices in Wind Farms

The most common reactive power compensation devices for wind farms are shunt
capacitor banks, SVCs, SVGs, and SCs. This paper focused on analyzing the application of
SVGs and SCs for reactive power compensation in wind farms and investigating how this
hybrid configuration can contribute to the latter’s efficient and stable operation.

3.1. SVG Operating Principle and Modeling

The SVG, also known as the static synchronous compensator (STATCOM)), is a kind
of reactive power dynamic compensation equipment used in power systems which uses
power electronics technology to provide or absorb reactive power to improve the voltage
stability and power quality of the power grid. SVGs can be classified based on different
circuit structures, mainly including the types of voltage and current sources.

The voltage-source SVG is the most common type in practical applications, and it uses
a voltage-source inverter as its core component. The DC side of this device has a large
capacitor in parallel to ensure stable voltage during continuous charging and discharging
or device commutation while the bridge side has a series inductor. This design enables
the SVG to compensate for reactive power by adjusting the amplitude and phase of the
inverter’s output voltage or directly controlling the AC-side current, as shown in Figure 3.
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Figure 3. Equivalent circuit diagram of SVG.

The core of SVG control lies in the precise regulation of its converter, which is achieved
by using a dg-axis current control method to independently adjust both active and reactive
power. In the SVG control system, the direct-axis component of the three-phase current
is adjusted to absorb active power, while the quadrature-axis component is regulated to
output reactive power, achieving the decoupled control of active and reactive power. As
shown in the control block diagram in Figure 4, the difference between the reference voltage
(Uyef) at the PoC and the actual voltage (U) is processed with a PI controller to obtain the
reactive current command. Similarly, the difference between the reference voltage (U jcref)
of the DC-side capacitor and the actual voltage (U,,) is processed with another PI controller
to obtain the active current command. The D-axis and D-axis current, respectively, need
a low-pass filter to suppress high-frequency noise. The ultimate goal of SVG control is to
stabilize the voltage at the wind farm grid connection point through reactive compensation
and ensure the stability of the converter’s DC-side voltage [29].

Low Pass Filter @

\. 1/abc
User dq L
— PWM —
Udcrcf a.bC &

de
Figure 4. SVG control block diagram.

3.2. SC Operating Principle and Modeling

The SC is a special operating condition of a synchronous generator, primarily designed
to provide reactive power to optimize the power factor of the power system and dynam-
ically regulate system voltage. Small SCs play a key role in improving voltage stability
within the power system by continuously adjusting the reactive power to dampen voltage
fluctuations, accelerate voltage recovery after faults, and reduce the likelihood of commuta-
tion failures in DC transmission systems. In new models of SCs, greater emphasis is placed
on dynamic reactive compensation, making them suitable for HVDC transmission projects,
large-scale energy development areas, and centralized power reception areas, meeting the
system’s reactive power requirements under sub-transient and transient conditions.

During severe voltage dips, the excitation system of a small SC can quickly enter a
transient forced excitation state to provide necessary reactive support, facilitating the rapid
recovery of system voltage and DC power, preventing voltage collapse, and enhancing
the stability and reliability of the power system. SCs are typically represented by their
equivalent circuit model in power systems, as shown in Figure 5.
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Figure 5. Equivalent circuit diagram of SC.

The reactive power output of an SC is primarily achieved by adjusting its excitation
state. In an idealized machine model, taking a generator as an example, the voltage equation
of the SC can be expressed as

Eq=U+jLX,, @)

where Eq represents the excitation electromotive force, U is the terminal voltage, fa is the
stator current, and X is the synchronous reactance.

The operational states of an SC can be categorized into three basic conditions: normal
excitation, over-excitation, and under-excitation, as depicted in Figure 6. In the normal
excitation state, the SC operates at no load, neither generating nor absorbing reactive
power. Under over-excitation, the terminal voltage leads the stator current phasor, causing
the condenser to operate in lagging-phase mode and thus supply reactive power as a
continuously adjustable reactive power source. Conversely, in the under-excitation state,
the terminal voltage lags behind the stator current, leading the condenser to operate in
leading-phase mode, absorb reactive power, and act as a reactive load to balance the
system’s surplus reactive power. These states collectively form the theoretical basis for the
SC’s role in reactive power regulation within a power system.

AA A
E, | jLX jLX

U £,
[a [a

normal excitation under-excitation over-excitation

Figure 6. Vector diagram of SC excitation principle.

Under steady-state conditions, SC’s control is achieved with adjustments in high-
voltage bus voltage and reactive power, while transient conditions are controlled with a
voltage closed-loop system that performs rapid excitation or de-excitation, extending the
conventional generator control model to accommodate system bus voltage. The control
diagram, shown in Figure 7, includes two PI controllers used to adjust reactive power and
voltage errors. The input signals to the controller are processed by the PI controllers and
combined with steady-state and transient control signals, and the control parameters of the
SC are adjusted to generate the final output control signal.
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Figure 7. Control block diagram of an SC.

3.3. Hybrid Solution of SVG and SC
3.3.1. SVG Individual Operating Mode

The real-time monitoring of 35 kV bus voltage U can be performed in the following
manner: when 0.95 pu < U < 1.01 pu, the SVG operates in constant reactive power mode
with the objective of reducing the probability of abnormal oscillations in the voltage of
the wind power aggregation system. To ensure that the SVG is capable of providing the
requisite reactive power to support the voltage at the grid connection point, it is necessary
to maintain a certain reactive power margin during the regulation process. This margin is
set at 50% of the total reactive power capacity, which is defined as the optimal dynamic
reactive power reserve point for the SVG.

When U < 0.95pu or U > 1.01 pu, the SVG will transition to a constant-voltage control
mode with 1.0 U as the constant value. The SVG is capable of adopting a constant-voltage
control mode with slope characteristics for voltage regulation.

3.3.2. SC Individual Operating Mode

The SC is configured for constant-voltage control, leveraging its rapid transient re-
sponse capability to regulate the 35 kV bus voltage. In particular, when the voltage declines,
the SC rapidly provides a substantial quantity of reactive power support to stabilize the bus
voltage of the rectifier station due to its forced excitation characteristics. Conversely, when
the voltage increases, the SC instantaneously absorbs a considerable amount of reactive
power from the system, thereby reducing the 35 kV bus voltage.

3.3.3. Coordination Controller Operating Mode

The flowchart of the coordination controller is shown in Figure 8. The AVC substation
receives the grid dispatch instructions from the AVC master station and sends the given
reactive power to the coordination controller. The coordination controller monitors the
35 kV bus voltage, compares the real-time voltage with the reference value of 35 kV,
calculates the deviation, and determines the required reactive power compensation through
a PI controller. This value is then added to the reactive power sent from the AVC substation,
yielding the final reactive power compensation, which is reasonably distributed through
a reactive power allocation scheme. The allocated reactive power is sent to devices such
as the SVG and SC to complete the reactive power compensation. The system assesses
whether the state is stable by comparing the real-time voltage with the reference value.
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35kV bus voltage detection

+
35kV —
Pl SC reactive power setpoint
» SC >
Y
AVC Reactive power
_— > . — |
Grid dispatch instructions Reactive power setpoint allocation scheme
» SVG >
SVC reactive power setpoint

35kV bus voltage

Figure 8. Coordination controller flowchart.

The coordination controller adopts a dual-layer control mode with an inner voltage
control loop and an outer reactive power control loop (as shown in Figure 8). The reactive
power compensation value calculated from the voltage control loop is added to the reactive
power setpoint from the AVC substation. The final reactive power compensation is then
reasonably distributed to the SVG and SC, ensuring effective reactive power compensation.

3.4. Capacity Configuration of Reactive Power Compensation Devices in Wind Farms
3.4.1. Capacity Configuration of SVGs in Wind Farms

In general, the reactive power configuration capacity of SVGs in wind farms is set to
20% of the plant capacity. Additionally, the configuration of capacity may be conducted in
accordance with the following steps:

e  Identify the components of reactive power loss: the reactive power loss of a wind farm
can mainly be divided into four principal components: the turbine-side 690 to 35 kV
transformer, the collection lines, the main transformer, and the outgoing lines.

o  Collect data: collect wind speed data from the wind farm and calculate the active
power output at each moment by using the wind—power curve.

e  Calculate the SVG capacity: based on the components of reactive power loss and the
collected data, the required reactive power compensation capacity can be calculated.

3.4.2. Capacity Configuration of SCs in Wind Farms

In the context of practical power system design, it is essential to ensure that the capacity
of SCs is appropriately sized in order to meet the system’s required SCR. The capacity of an
SC can typically be determined by calculating the difference between the desired SCR and
the wind turbine terminal SCR, which is referred to as ASCR. This method is employed to
ascertain the requisite capacity of the SC. However, since SCs are usually connected to the
grid through a step-up transformer, it is essential to consider their impedance characteristics
and connection to the transformer during the back-calculation process.

The process of determining the capacity of an SC can be divided into the following
steps:

1. Calculate the ASCR

For the convenience of calculation, the formula for calculating the SCR can be adjusted

as follows:

3%

(®)

Kscr =

where Ppax is the maximum power of the fan, Sy, is the short-circuit capacity, and X5 is the
sum of the per-unit impedance values of the system being sought.
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The capacity of the SC is determined by the inverse calculation of the SCR differ-
ence ASCR, which is the difference between the expected SCR and the SCR before the
introduction of SC.

2. Calculate the SC per-unit impedance

First, based on the parameters of the known SC model, calculate the per-unit
impedance by using the following formula:

1" Sb
Xoc = Xy — )
where X is the SC’s sub-transient reactance, Sy, is the system’s short-circuit capacity (MVA),
and Sgc’ is the required capacity of the SC.

3.  Perform a back-calculation based on the SCR formula

By using the definition of the SCR, derive the required SC capacity (Ssc) based on the
desired ASCR. The back-calculation formula can be inferred from Formulas (8) and (9) as

follows: S S
b 1" b
. =X".
d
XékC A%I/)ch

Ssc = Xg (10)

*
B XTSC
b

where ASCR is the difference between the desired and actual SCRs, P is the total power
of the wind farm (MW)), Sy, is the short-circuit capacity (MVA), and X7gc is the per-unit
impedance of the step-up transformer on the SC side.

4.  Plan the capacity of the SC

Based on the results of the above calculation, determine the initial capacity of the SC.
Based on this value, select the appropriate model and capacity of the SC to ensure it meets
the system’s SCR requirements and reactive power regulation capability.

Throughout the calculation process, it is crucial to ensure that the technical param-
eters of the selected SC are aligned with the overall reactive power demands and SCR
requirements of the wind farm, thereby achieving optimal reactive power compensation
and maintaining system stability.

4. Wind Farm Grid Integration Model with SCs and SVGs

This study focuses on an actual wind farm located in northern China. The original
wind farm is equipped with an SVG, as shown in the black dashed box in the grid integra-
tion system in Figure 9. This system includes an SVG with a capacity of 12 MVA. The total
installed capacity of the wind farm is 50.5 MW, consisting of seven wind turbines with a
unit capacity of 4 MW each and five wind turbines with a unit capacity of 4.5 MW each.
To enhance the active power delivery capability of the wind farm, this paper proposes the
installation of a 10 MVA SC within the wind farm, as shown in the modified wind farm
system diagram with the green dashed box in Figure 9.

The wind turbine terminal voltage is 690 V and is connected to a 35 kV substation
with a step-up transformer. The generated wind power is then transmitted through a
4 km 35 kV transmission line and further stepped up to 110 kV with the main transformer.
Finally, wind power is delivered to the upper transmission grid through a 40 km 110 kV
transmission line, achieving grid integration.
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35kV/10.5kV
transformer

Add
10 MVA SC

Figure 9. Wind farm system diagram.

4.1. Model of a Wind Farm with SCs and SVGs

Based on the wind farm configuration mentioned above, a detailed transient simula-
tion model was developed in the MATLAB Simulink environment to simulate the dynamic
behavior and response of the wind farm under various operational conditions. To ensure
the model’s applicability and real-time performance in practical applications, it was encap-
sulated for precise simulation on the Opal-RT OP5600 real-time simulation platform. The
real-time simulation results closely match the simulation results from Simulink, confirming
the accuracy and reliability of the model, as illustrated in Figure 10. The model demon-
strates the complete electrical power delivery path from the wind turbines to the PoC.
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Figure 10. Wind farm grid integration model.
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The terminal voltage of the wind turbine generator is 690 V, which is then stepped up
to 35 kV with a step-up transformer. The node operates as a PV node, supplying active
power while maintaining the node voltage. The SVG, which serves as a reactive power
compensation device on the 35 kV bus, is capable of dynamically adjusting reactive power
and functions as a PQ node, playing a critical role in maintaining the stability of the 35 kV
bus voltage. The SC has a terminal voltage of 10.5 kV, which is also stepped up to 35 kV
with a step-up transformer, and functions as a PQ node, thereby further enhancing the
system’s reactive power regulation capability. The internal electrical lines of the 35 kV wind
farm are connected to the main transformer, which steps the voltage up to 110 kV.

Finally, the wind farm is connected to the PoC through a 40 km high-voltage trans-
mission line. The PoC serves as the system’s slack bus, ensuring power balance and
voltage stability.

4.2. Short-Circuit Ratio Calculation

When a fault occurs at 35 kV, the base capacity of S;, = 100 MVA is used with the three
reference voltages of Vi, = 110 kV, V},, =35 kV, and V}3 = 10.5 kV. The per-unit impedance
of each component is calculated as shown in Table 2. By using the SCR equation in (3), the
SCR at the 35 kV location was computed, both before and after the installation of the SVG
and the SC, as detailed in Table 3.

Table 2. Impedance parameters for each component.

Component Impedance Z (p.u.)
System impedance L 0.571
40 km line X1 0.135
Main transformer T1 0.208
SC-side transformer T2 0.525
SC 1.200
SVG 0.942

Table 3. Short-circuit ratio at 35 kV for different scenarios.

Short-Circuit Ratio Kgcr 35 kV Location
Original 2.750
Only with SVG 2.870
Only with SC 4.738
With SC and SVG 4.859

The analysis based on the SCR calculations revealed the following insights:

e The SCR on the 35 kV side of the wind turbines is less than three, indicating that the
system is classified as a weak grid.

e Thedeployment of a 10 MVA SC can significantly improve the system’s SCR, increasing
it by 1.988 compared with the baseline. In contrast, a 12 MVA SVG can only increase
the SCR by 0.12.

e  The SC is more effective than the SVG in enhancing the system'’s short-circuit capacity,
showing a distinct advantage in stabilizing transient voltage support.

It is therefore evident that the installation of an SC is crucial to enhance the stability
and reliability of the wind farm grid integration system, particularly in the event of grid
faults. Its rapid response and substantial reactive power output provide more effective
voltage support for the system. Furthermore, in the context of analyzing the optimal
capacity configuration of SC in a complex power grid system, the integration of Al-based
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algorithms can be integrated with the previously mentioned SC capacity configuration. The
application of deep learning techniques to historical data and real-time operating conditions
enables the optimization of SC capacity selection. This approach not only provides more
precise and rational capacity parameters in response to the dynamic changes in the grid
and load demands but also effectively predicts potential fault scenarios and overload risks.
This enables real-time adjustments to the SC capacity, enhancing the grid’s adaptability
and stability [30,31].

4.3. Comparison of Reactive Power Capabilities of the SC and SVG

During a sudden voltage-drop fault on the grid side, the reactive power compensation
curves for the system with either the SVG or the SC operated individually are shown in
Figure 11. The blue and black lines represent the reactive power compensation with only
the SC and the SVG, respectively. The comparative analysis revealed that when the grid
voltage drops from 1.0 pu to 0.2 pu, the reactive power compensation provided by the SC
is five to eight times greater than that provided by the SVG alone.
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2x107 F |
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-2x107
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Figure 11. Comparison of reactive power output of an SVG and an SC.

The SC demonstrates remarkable resilience in the face of grid faults, exhibiting a supe-
rior performance in both the immediate aftermath and in the subsequent recovery phase.
When compared with the SVG, the SC is uniquely capable of autonomously responding to
reactive power demands and providing substantial short-term overload currents, thereby
markedly enhancing the fault ride-through capability. During grid faults, the SC rapidly
injects reactive power, effectively supporting transient voltage stability, improving the
system’s ability to handle short-circuit currents, and thereby increasing the overall stability
and safety of the upper power system.

5. Simulation Results of Power Output of Wind Farms with SCs
and SVGs

In modern wind farm operations, SVGs play a crucial role in reactive power com-
pensation, significantly impacting grid stability and power quality. However, during grid
faults, SVGs can occasionally result in an excess of reactive power, leading to transient
increases in bus voltages that may threaten the stability of wind turbines and potentially
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trigger disconnection protection. To mitigate the risk of disconnection, grid operators must
implement safety control strategies, such as shedding a portion of the wind turbines or
reducing wind power output. To this end, simulation analyses were conducted to examine
the dynamic behavior of the test wind farm grid integration system with and without the
deployment of an SC.

5.1. Simulation of a Wind Farm at Full Power Output with Only an SVG

A simulation analysis was conducted to examine the impact of a sudden bus voltage
drop during a grid fault in the context of wind farm integration. In the simulation, the
wind farm was set to operate at full capacity during the fault, maintaining an output power
of 50.5 MW. Simultaneously, the SVG was utilized for reactive power compensation to
support grid integration and operated in power factor mode to stabilize the grid voltage.

In the simulation, a grid voltage drop was generated from 1.0 pu to 0.2 puat 4.0 s,
with a recovery to 1.0 pu at 4.3 s. Prior to the fault, the voltage at the PoC was stable within
the range of 1 £ 5% pu, and the power factor was stable at one, indicating an efficient and
balanced system operation, as illustrated in Figures 12-14.

180
6oL Active Power/MW——- Reactive Power/Mvar

140 F
120 |
100 |
80 b
60 |- ‘
40 -
20 F |

ol i

Wind Farm

_100 [ 1 L 1 L 1 L | L | L 1

t/s

Figure 12. Active and reactive power of a wind farm at full power output with only an SVG.

Following the occurrence of the fault, due to the bus voltage drop, the wind turbines
entered low-voltage ride-through (LVRT) mode. In this mode, the SVG increased its reactive
power output with the aim of raising the bus voltage to a safe level. However, upon the
clearance of the fault, the accumulation of excess reactive power within the system resulted
in a sudden and significant transient increase in voltage at the wind turbine connection
point, which may have exceeded the high-voltage tolerance limit of the turbines. This
phenomenon could potentially trigger the protection mechanisms of wind turbines, leading
to their disconnection from the grid and causing severe voltage oscillations at the PoC.
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Figure 13. Power factor at the PoC of a wind farm at full power output with only an SVG.
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Figure 14. Voltage at the PoC of wind farm at full power output with only SVG.
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During grid faults, the transient voltage increase at the wind turbine connection point
represents a critical factor contributing to the risk of disconnection. To effectively mitigate
this risk, common strategies include disconnecting some wind turbines or reducing the
wind power output to decrease the system’s reactive power demand, thereby maintaining
voltage stability.
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5.2. Simulation of a Wind Farm at Limited Power Output with Only an SVG

The simulated wind farm is a real wind farm located in Zhangjiakou, Hebei Province,
China. When the wind farm operates at full power output, the voltage at the PoC exceeds
the limits during grid recovery from a transient fault, resulting in severe oscillations within
the system. This outcome aligns with the simulation results under the full power output
conditions at a wind speed of 15 m/s, as shown in Figure 15. Based on operational
experience, the utility currently mandates that the wind farm is to operate at no more than
60% of its rated power output, which corresponds to approximately 33 MW.

160
ol T 10m/s—— 12m/s——— 15m/s

120 F
100 W
80 [
60
40
20
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~20
40
~60

P/MW
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Figure 15. Active power output of wind farm with different wind speeds.

With the wind power output constrained to 33 MW based on the original parameters,
the SVG, as a reactive power compensation device, quickly responded to grid faults. It
adjusted the power factor at the grid connection point to one to compensate for the reactive
power deficit in the grid. This adjustment facilitated the rapid recovery of the connection
point voltage, restoring it to a stable level within 1 + 5% pu, thereby ensuring the continued
stable operation of the system.

According to Figures 12, 16 and 17, during a sudden voltage-drop fault in the grid,
if the wind turbines continue to operate at full output, they face the risk of disconnection.
Consequently, while the implementation of SVG control strategies ensures the stability and
reliability of the grid, it necessitates sacrificing a portion of wind power output, significantly
limiting the system’s delivery capacity.
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Figure 16. Power factor at the PoC of a wind farm at limited power output with only an SVG.
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Figure 17. Voltage at the PoC of a wind farm at limited power output with only an SVG.
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5.3. Simulation of a Wind Farm at Full Power Output with Both an SC and an SVG

A hybrid solution involving the deployment of an SC was adopted to ensure the wind
farm’s stability while optimizing its operation and enhancing the system’s delivery capacity.
A simulation analysis was conducted to evaluate the impact of bus voltage drops
during grid faults on wind farm integration. In the simulation scenario, the wind farm
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maintained full output at 50.5 MW during a fault, while the SVG operated in power factor
mode to stabilize the grid voltage.

During the simulation, the grid voltage dropped from 1.0 pu to 0.2 pu at 4 s and
recovered to 1.0 pu at 4.3 s. Prior to the fault, the bus voltage at the wind turbine side
was stable at 0.95 pu, with a power factor of one, indicating efficient and balanced system
operation.

After the fault occurred, the drop in bus voltage caused the wind turbines to enter
LVRT mode, and the SVG increased the reactive power output to increase the bus voltage
to a safe level. Compared with the simulations without the SC, the results show that by
employing this device, the bus voltage successfully recovered to 1.0 pu and the wind farm
maintained a full output, ensuring the continuous and stable operation of the system, as
shown in Figures 18-21.

160 —— SVG+SC——SVG
140 -
120 full load generation
100 -
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60
40 -

20
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Figure 18. Comparison of wind farm output before and after SC deployment.

This simulation demonstrates that the effective configuration of reactive power com-
pensation devices and SCs can markedly mitigate transient voltage fluctuations at the bus
during grid faults. This hybrid solution can also ensure the stability of wind farm integra-
tion and enhance the system’s delivery capacity. However, regarding the implementation,
maintenance, and operational costs of synchronous condensers (SCs) and static var genera-
tors (SVGs), the unit kVar reactive power operating cost of SC is approximately 10 times
higher than that of an SVG. Therefore, from a cost perspective, SC does not currently offer
a significant cost advantage. However, in terms of increasing the power output of wind
farms, the cost can be recouped in about one year.
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Figure 19. Power factor after SC deployment.
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Figure 20. PoC voltage after SC deployment.
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6. Discussion

Transient voltage fluctuations at the wind farm connection point represent a significant

challenge to system stability during grid faults. This study effectively illustrates the vital

function of the SC-SVG configuration in maintaining grid voltage stability. The following

key findings are presented:

Modeling and validation: Models for both SCs and SVGs were developed, and their
reactive power compensation effectiveness was validated with simulations. The results
substantiated that both devices provide indispensable reactive power support, thereby
exerting a pivotal influence on grid stability.

SCR analysis: The calculation of the SCR demonstrated the considerable influence of
the SC on enhancing the system’s short-circuit capacity. With the introduction of the
SC, the SCR exhibited a notable increase of 1.988. In contrast, the SVG contributed a
mere (.12 increase, which serves to underscore the SC’s greater potential for reinforcing
system stability.

Comparative simulation of reactive power capabilities: simulations comparing the
reactive power capabilities of an SVG and an SC revealed that, in the event of grid faults
or load fluctuations, the SC exhibited rapid response characteristics and advantages in
large-scale reactive power supply, thereby providing a more robust safeguard for grid
dynamic stability.

Enhancement of output and delivery capacity of wind farm: The simulation results
indicate that the wind farm’s power output should be limited to 60% in order to
avoid instability following the clearance of a grid fault. However, the installation
of a small SC allows the wind farm’s power output to reach 100%. This outcome
not only validates the practical benefits of SCs in enhancing the adequacy of wind
farm grid integration but also underscores their practical value for improving overall
grid stability.
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7. Conclusions

This paper proposes a hybrid solution of small SCs and SVGs in wind farm substations
to optimize reactive power and voltage level at the point of grid connection. The main
conclusions of this study are as follows: (1) The low short-circuit ratio (SCR) is a key factor
affecting the stable operation of wind farms in weak grids, and the sub-transient reactance
of the SC could largely increase the SCR. (2) The developed hybrid control approach
combines the advantages of both SCs and SVGs, which could provide comprehensive
voltage support across sub-transient, transient, and steady-state conditions for renewable
energy stations. (3) The comparison of the simulation results shows that a hybrid solution
of SCs and SVGs could improve the output power capacity of wind farms in weak power
grids by 40% in this case.
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