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Featured Application: This work is devoted for investigating the potential & challenges of wind
energy systems in the kingdom of Saudi Arabia, classification of power quality issues due to
wind energy conversion systems, techniques and recent trends for power quality mitigation, and
application of reactive power compensation of inverter-based wind energy conversion systems
to mitigate voltage fluctuations. Case studies using time series simulation to control and mitigate
voltage fluctuations based on Saudi daily load profile and standard test systems are presented.

Abstract: Large penetration of wind energy systems into electric-grids results in many power
quality problems. This paper presents a classification of power quality issues, namely harmonics
and short-duration voltage variation observed due to the integration of wind power. Additionally,
different techniques and technologies to mitigate the effect of such issues are discussed. The paper
highlights the current trends and future scopes in the improvement of the interconnection of wind
energy conversion systems (WECSs) into the grid. As the voltage variation is the most severe power
quality issue, case studies have been presented to investigate this problem using steady-state time-
series simulations. The standard IEEE test system namely IEEE 123-node test feeder and IEEE 30-
node grid are solved under different operating conditions with wind power penetration. Typical
daily load profiles of a substation in Riyadh, Saudi Arabia, and an intermittent wind power
generation profile are used in all case studies. Mitigation of voltage variations due to wind
intermittency is achieved using reactive power compensation of the interface inverter. The results
show the effectiveness of these approaches to avoid voltage variation and excessive tap setting
movements of regulators and keep the voltage within the desired operating conditions.

Keywords: power quality issues; Saudi electric grid; wind penetration; harmonic analysis; voltage
fluctuation; reactive power compensation; FACTs; demand-side management; energy storage;
voltage regulation; voltage control; linear approximation; power-flow analysis; time-series
simulation

1. Introduction

The total electricity consumption in Saudi Arabia will be 90 GW in 2023 which represents more
than 45% of the daily oil production. Additionally, the rate of peak demand growth is 7% per year
meaning that the domestic consumption of oil for electricity generation will reach 8 million barrels
per day by the year 2030 G if the trend consumption continues at this rate [1]. Further, carbon
emission reached 28 BSCFD in 2016 due to highly dependent on fossil fuels for electricity generation
[2]. As of 2020, the total available generating capacity in the Kingdom is 77.2 GW whereas the peak
load reached 62 GW. Such a capacity is transformed through more than 88,731 c.km of transmission
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lines; 90% overhead lines and 10% underground lines. The transmission system in the Saudi Electric
Grid includes 1129 transforming substations and more than 3445 transformers. The distribution
system includes about 682,920 c.km of distribution lines that delivered more than 279 TWh of energy
as follows; 45.8% residential, 16.4% commercial, 17.7% industrial, 14.4% government, and 5.6% for
other loads such as agricultural and desalination [3].

Hence, the kingdom launched the King Salman Renewable Energy Initiative among its Vision
2030 for empowering renewable energy penetration in the electricity generation. Renewable energy
integration in the Saudi electric grid aims to reduce oil dependency, system losses, and improve aging
equipment.

The Kingdom targets 70% of its power generation from natural gas and 30% from renewable
and other sources. In 2020, the Kingdom plans to generate 3.45 GW of renewable energy, 4% of the
total consumption, as well as reducing carbon emission to 26 BSCFD [4]. Vision 2023 sets an initial
target by generating 9.5 GW of renewable energy by 2023; 5.9 GW solar PV and 2.4 GW wind. The
projected renewable energy installation is as flow: 2018: 0.7 GW, 2019: 1.2 GW, 2020: 1.7 GW, 2021:
1.8 GW, 2022: 2.1 GW and 2023: 2.1 GW [5]. Currently, Sakaka solar PV plant of 300 MW capacity
started production in the fourth quarter of 2019. The projects are planned to be deployed in 35
different locations across the country. From a wind generation perspective, a 400 MW onshore wind
farm has been successfully connected to the grid in Dumat Aljandal, northwestern Saudi Arabia. The
project consists of 99 turbines that are rated ~4 MW and generates electricity for about $0.0199/kWh.
Another ongoing 850 MW wind power project in Yanbu, western Saudi Arabia is expected to reduce
emissions by 8 million tons/year and conserve about 18 million ballers of oil a year [6,7]. Further,
Saudi Aramco has specific various locations for wind turbines. The identified sites of wind turbines
meet the requirements of wind generation such as wind speed and flexible access to the electric grid.
Figure 1 shows regional sites of wind turbines [8]. The installation of wind power plants that are
characterized by an intermittent power source could lead to fluctuations of output power and creates
power quality issues to the grid and in turn, affects system reliability and stability [9].
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Figure 1. Regional sites of wind turbines in Saudi Arabia.

With the huge proliferation of wind energy penetration in the power system, the impact of wind
power on power system operation and control has been of great concern. Wind power capacity has
grown 7% globally with the installations increasing from 336 GW in June 2014 to 360 GW by the end
of 2014 [1]. The rapid growth of wind power penetration has led to greater studies to assess the impact
of wind energy conversion systems (WECSs) on the grid for a stable and efficient power system
operation [2,4,5].

The integration of renewable energy resources, like wind, fosters sustainable growth, and
minimizes the adverse effects of conventional power plants. In addition to WECSs being a source of
clean energy, their contribution towards grid pollution needs to be considered. For integrating
intermittent renewable sources like the wind into the existing power system, several technical aspects
must be considered from a PQ (power quality) perspective. These PQ requirements mainly require
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the WECSs to maintain voltage and frequency within safe operational limits and minimize the
harmonic emissions. Adhering to the PQ standards help WECSs to meet the load as well as ensure
their reliable and safe integration to the grid.

As more power electronic loads are connected to the grid, their impact from a PQ perspective
must be examined. Power electronic loads such as variable frequency drives, rectifiers, and inverters
are considered nonlinear loads and are found in most residential, industrial, and commercial settings.
These loads are highly sensitive to PQ problems which are important issues to consider for wind
turbine generators (WTGs) interconnection. As wind power penetrations (WPPs) are integrated into
the grid, voltage variations and harmonic distortions are some of the important PQ concerns.

WTGs harvest energy from wind which is highly intermittent. For a fixed speed wind turbine,
variations in wind cause fluctuations in the mechanical torque. It also varies the electrical output
from the generator leading to voltage fluctuations that need to be managed [9]. As a result, PQ issues
such as voltage sag, swell, flicker, and harmonics are observed in the transmission and distribution
systems. Variable speed WTGs are popular as they can extract maximum power from the wind while
ensuring low mechanical stress as compared to fixed speed wind turbines. A variable speed WTG
utilizes power electronic converters for mitigating output fluctuations from the generators and is a
huge source for harmonic distortion. These power electronic converters can inject harmonic current
into the grid and lead to high PQ issues in the power system. To address this problem, new standards
and grid codes have been developed for enabling smooth and efficient integration of WPPs into the
grid [10,11].

To ensure harmonic distortions are within acceptable limits to meet the satisfactory
requirements by both utilities and consumers, two approaches passive and active filterings are used
[8,12-15]. Conventional passive filters consist of inductors, resistors, and capacitors and are effective
in attenuating harmonic components at a low cost [12]. Active filters are more commonly used as
they respond efficiently to the dynamics of the electric grid as compared to the passive filters. This is
because the tuning frequency and design of the passive filters cannot be changed to meet the
changing system conditions. Active filters are very expensive and complicated to design at medium
and high voltage levels [13]. Hybrid filters utilize the characteristics of both active and passive filters
in their design and provide better performance to mitigate harmonic resonance in WPPs [15]

Voltage variation is the degree of deviation from the normal sinusoidal voltage waveform in the
power system network. The first concern for integrating WTs into the grid is to ensure that the voltage
in the grid is kept within an acceptable range. In the European voltage standard EN 50160, a range of
10% of the 10-min average voltages is acceptable at the end-user to ensure that appliances are not
damaged or malfunctioning [16]. Further, IEC Standard 61400-21 stated that the 10-min average of
voltage fluctuation should be within 5% of its nominal value for the wind power plant system [17,18].
This paper discusses short-duration voltage variation namely voltage sag and voltage swell that
affect the power system during wind integration. To resolve this issue, several mitigation techniques
using flexible AC transmission devices (FACTs) such as dynamic voltage restorer (DVR), and static
synchronous compensator (STATCOM), or energy storage system (ESS) are used to mitigate the
impact of WPP interconnection in the grid.

This paper discusses the impact of PQ issues, namely voltage fluctuation and harmonic
propagation, in integrating WPPs into the grid. Sections 2 and 3 describe the harmonic and voltage
issues of WPP integration, mitigation techniques for various PQ issues, and future trends in the
improvement of WPPs power quality issues. Section 4 presents the simulation of mitigating voltage
fluctuation using reactive power compensation followed by selected case studies for a load profile in
the kingdom with WPPs followed by a conclusion in Section 5.
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2. Power Quality Issues of WPP Integration

2.1. Harmonic Issues of WPP Integration

In electrical power systems, the alternating current waveform is ideally pure sinusoidal waves
with constant magnitude and frequency to meet the expectations of the end-users connected to the
grid. Harmonic distortion is a periodical deviation from the ideal condition, with a period of one
cycle of the frequency of the grid. IEEE standard 519-2014 provides information about the THD and
acceptable levels of voltage and current distortion for each harmonic order. It is important to
determine the harmonic content at the PCC of the WPPs to ensure acceptable harmonic voltages at
this point [14].

There are four distinct classifications of WTGs, known as Type 1 through Type 4 [19]. Type 1
and Type 2 WTGs utilize soft starters to reduce inrush currents and voltage fluctuations. The soft
starters are power electronic devices that are responsible for producing harmonic currents of very
low magnitude. As the soft starters operate only for a very short duration of time, therefore, the
harmonic currents produced are negligible. Harmonic currents can also occur in Type 1 and Type 2
WTGs during the energization of transformers. These are low order harmonics that appear along
with the DC component. Type 3 WTGs, also known as DFIGs and Type 4 WTGs have a power
electronic interface between the turbine and the grid which can produce harmonics in the grid [20].

Harmonic emissions that originate from WPPs could combine with the harmonic distortion
already present in the grid and amplify harmonic distortion around the resonant frequency [20].
Harmonic resonance is caused by the interaction of inductive and capacitive elements in the network.
WPPs have several elements such as capacitor banks, transformers, and cables that can interact with
each other leading to resonance. Parallel and series resonance can affect the power system by causing
harmonic overvoltages or harmonic overcurrents. Comparatively, Type 3 WTGs have a high content
of low order harmonics in them as presented in [20]. Harmonics of higher order are reported to be
associated with PWM-based Type 3 WTGs [20].

2.1.1. Effect of Harmonics in WPP

Harmonic emissions are a major issue in WPPs connected to the grid. The harmonic emissions
from WPPs are different from arc furnaces. Case studies are presented to analyze the harmonics
emitted from Type 1 and Type 3 WTGs based WPP.

Type 1 WTGs based WPP: Type 1 WTGs are also known as FSIG turbines. Compensation
capacitors are used to compensate for the reactive power consumption of the induction generators
from the grid. The capacitor bank consists of mechanically switched capacitors which result in the
occurrence of resonance [20]. Generally, even and triplen harmonics are not present in WPPs and
thus only 5, 7, 11, and 13 harmonic orders are considered in the study. It is shown that for the same
size of reactive power there occur two resonance frequencies [2]. When the reactive power
requirement of the WTG matches these critical values, resonance occurs at high harmonic
frequencies. The resonance frequency can vary with increased wind speed or increased size of shunt
capacitance. 7th harmonics may be observed at lower wind speed which corresponds to low wind
power and lower shunt capacitance. For high wind speed and high power, 5th harmonics may be
encountered [2].

Type 3 WTGs: In [20], three WPPs with type 3 WTGs and a total capacity of 185 MW are
considered for a power quality study. Large voltage and current harmonics are observed at 18th,
19th, and 20th harmonic orders during certain operating conditions of the WPPs. When the three
WPPs are operated at 80% of nominal capacity and the power output of the third WPP (WPP3) is
reduced from 80% to 0%, severe harmonic injection is seen. It is inferred that at zero output power
from WPP3, the unloaded cables and transformer inductances behave like an LC circuit. This results
in the generation of large harmonic currents. This harmonic current continued to flow until the WPP3
is disconnected from the power network. Large resonance is still observed at the 19th harmonic order
even after WPP3 is disconnected from the network.
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Resonance in the DC link of the back to back VSC converter can also lead to the occurrence of
inter-harmonic frequencies. Ref [14] presents a case study on the PQ analysis performed on three 600
kW WTGs with a full power converter in Northern Sweden. PQ measurements performed at the
transformer feeding the WTGs indicated contamination from 7, 11, 13, and 17th order harmonics.
Harmonic spectrum over the entire frequency range up to 4 kHz revealed a flat maximum at around
700 Hz or nearly equal to the 13th harmonic order and at 4 kHz (80th order). In all the measured
observations, the 13th harmonic order shows dominance and the 11th harmonic order has the overall
highest presence. In addition to the discrete harmonics, inter-harmonic orders such as 12.5 and 13.5
are also observed to be the dominant ones. Literature indicates that the waveform distortion is very
high at low power output from WTGs [21]. THD is one of the metrics used to measure distortion.
High THD is observed when the WTG produces low power output.

2.1.2. Types of Harmonics in WPPs

PWM harmonics: Most commercial WTGs in the market today use VSCs that operate on PWM
switching. The harmonics generated by the PWM converters primarily depend on the modulation
frequency ratio and modulation amplitude ratio. For a VSC-based WTG, harmonics generated by the
power electronic converters during switching is named as characteristic harmonics, and other
harmonics are non-characteristic harmonics. The switching frequency of the grid side and rotor side
converter for modern turbines generally is in the range of 1-5 kHz [22].

Harmonic emission and susceptibility: Two important standards that need to be considered to
evaluate the effect of harmonics in the power system due to WPPs. IEC 555 is the harmonic emission
standards and is concerned with current and voltage waveform distortion and WPPs compliance
with this grid code. It is analyzed using conventional harmonic penetration studies. IEEE 446-1987 is
the harmonic susceptibility standards that examine the current distortion introduced by the power
electronic loads at the PCC. The fast switching nature of the power electronic converters in WPPs
may lead to destabilization of a power system equipment or a WTG. Advanced methods such as time-
domain based EMT simulation are utilized to analyze harmonic susceptibility issues [22].

2.1.3. PQ Indices under Harmonic Distortion

Harmonics can cause line losses and excessive heating of equipment, thereby decreasing their
lifespan [19]. Subharmonics could cause flickers that lead to an uncomfortable visual effect on the
eyes and thermal aging of IGs. There are many parameters developed to evaluate the PQ of a system
concerning the harmonic distortion level. The IEEE-519 standard follows a set allowable limit of
harmonics (IEEE Standard 519-1991, 1992). The two most commonly used indices of harmonic
analysis are THD and TDD. The allowable limit set for system distortion is 5% for THD and 3% for
any individual harmonics as stipulated by IEEE 519-1992 [23].

2.2. Voltage Issues of WPP Integration

Voltage variations due to WPPs are affected by many factors, such as wind variations, the tower
shadow effect, grid strength, i.e., short-circuit capacity ratio, type of WIGs, number of operating
turbines, and switching period [24]. The voltage variation is directly dependent on real and reactive
power variations. Variations in wind speed cause voltage excursions during the continuous operation
of WTGs. This results in the fluctuation of active and reactive power output [25] and is a concern in
fixed-speed WTGs because of the 3P effect. The frequency at which the effects of tower shadow and
wind shear is observed will reduce the mechanical torque [25]. However, variable-speed WTGs can
change the rotor speed which in turn mitigates this effect. Moreover, switching the WIGs vary the
voltage due to the variations of the output power when the generator responds to cut-in or cut-out
speeds [26]. According to Ref. [27], the voltage variation can be classified as short duration and long
duration voltage variation.
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2.2.1. Voltage Sag

Voltage sag means a decrease in the RMS voltage between 10% to 90% of the nominal voltage
for the duration of a half-cycle to 1 min [24]. Thus, voltage sag can be categorized as instantaneous,
momentary, and temporary [28]. In Ref. [29], the dip in voltage is given as 70% voltage reduction for
1's, whereas the limit for many electronic devices is 85% for 40 milliseconds. Furthermore, the voltage
depths of 10% to 15% are commonly due to the switching loads. Hence, voltage sag is of PQ
disturbance due to its effects on sensitive equipment and industrial processes. There are many causes
of voltage sag such as start-up of WTGs, wind speed variations, fault at the system network, or fault
in consumer installation. Other events causing voltage sag are transformer or capacitor energizing,
switching off electronic load, or connection of heavy loads. Voltage sag can lead to the disconnection
of WTGs which may have negative effects on the stability of the system. Additionally, a large inrush
current, as a result of voltage sag, during the recovery process after the fault, has been cleared [2].

2.2.2. Voltage Swell

Voltage swell is the increase in the nominal voltage lasting for more than 1 cycle and less than a
few seconds. Voltage swell is less commonly occurring than the voltage sag and is usually associated
with system fault conditions. A swell can occur due to the start or stop of heavy loads, fault on the
system, which can result in a temporary voltage rise on the unfaulted phases. Further, the sudden
interruption of current can generate a large voltage, and switching on large capacitor banks may also
cause a swell as well. The consequence of the swell is damaging sensitive devices and disconnecting
of the WTGs. In DFIG, the operation during a grid fault is complex because the stator is directly
connected to the grid while the rotor is connected via a converter. Hence, most of the WTGs installed
are automatically disconnected from the grid and reconnected when the fault is cleared to avoid such
a problem. However, this action is not sufficient to meet the grid code requirements. So, the high
voltage ride-through capability of WTGs with DFIG is implemented to ensure staying connected to
the grid and stabilize the grid voltage in case of grid faults [21,27].

A case study conducted in Ref. [30] explained the voltage variation due to wind integration into
the grid. This study has been implemented using four scenarios. The first scenario considers
supplying electricity without wind integration while the second scenario includes 50% wind
integration. The third scenario shows 100% wind energy integration while the fourth scenario
demonstrates a grid with centralized 100% integration. The results of this study show that voltages
are the same for all phases in the first scenario as it is a balanced system. However, the phase voltage
rises vary with the increase of wind integration. This happened because the WTG was connected near
the customer load and caused bi-directional power flows in the PCC.

3. PQ Mitigation Techniques
3.1. Traditional Methods

3.1.1. Harmonic Trap Filters (HTFs)

A fundamental technique used for eliminating harmonics is the classical HTF. These filters
reduce harmonics from the output waveform of the PMSGs. The HTF consists of a series RLC circuit
tuned to the frequency which has an adverse effect on the operation of the WTGs.

PMSGs consist of power electronic converters to convert the DC voltage to AC at a fixed
frequency. These converters constitute six pulse rectifiers that inject high-intensity harmonics at low
frequency into the grid. These harmonic injections cause further loss to the generator in the form of
heat. This results in a decrease in the efficiency and lifespan of the generator. To mitigate this
harmonic injection from the converters, passive filters, such as HPF are tuned to remove the
characteristic harmonics introduced by the power electronic converters. The configuration of an HTF
designed in [17] consists of the 5th HTF, 7th HTF, and damped filter. The paper demonstrated that
HTF is tuned at an operating wind speed of 7m/s (34.36 Hz) and 11m/s (52.8 Hz) to filter out the 5th
and 7th dominant harmonic components. It is observed that the HTF can mitigate the harmonic
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components from the voltage and current waveform thereby reducing the harmonic losses in the
WTG. One disadvantage of this passive filter is that it increases the stator losses, dissipates power
from the generator, and affects its efficiency.

3.1.2. Active Power Filters (APFs)

APFs use power electronics to mitigate the harmonic current components produced by the non-
linear loads. APFs have more advantages than the passive filters as they help suppress the supply
current harmonics and the reactive currents. There are two types of APFs: shunt and series APFs.

Shunt APF: Shunt APF consists of controllable voltage or current source. Voltage source
inverter-based shunt APF is more commonly used as it simple and easier to install. The configuration
of a VSI-based shunt APF consists of a DC-bus capacitor, power electronic switches, and an inductor.
It operates by injecting a compensation current equal to the distorted current in the circuit leading to
harmonic free source current.

Series APFs: Series APFs are connected to the distribution line through a matching transformer.
The configuration of a series APF is similar to a shunt APF with a VSI used as the controlled source.
It isolates the harmonics from the non-linear load and the source by feeding harmonic voltages across
the interfacing transformer. A pure sinusoidal voltage waveform is maintained across the non-linear
load by varying the injection of harmonic voltage. Series APFs must handle large load current which
increases their current rating considerably as compared to the shunt APF, especially in the secondary
side of the transformer interfacing it. This increases I’R losses. One of the benefits of the series APFs
over shunt is that they are ideal for voltage harmonics elimination. APF makes use of fast switching
transistors resulting in switching frequency noise appearing in the compensated current which in
turn adversely affects sensitive equipment. To mitigate this problem, hybrid APFs are designed to
reduce switching noise and EMI.

Hybrid APF: Hybrid APF is a combination of the basic APFs and passive filters. The
conventional APF filters out the low order harmonics and the HPF filters out the higher-order
harmonics. The two most commonly used configurations of the hybrid APF are the shunt APF with
a shunt passive filter and a series APF with a shunt passive filter [15]. Hybrid APF acts as a harmonic
isolator to improve the filtering capabilities of harmonic content while being cost-effective. In a
hybrid shunt APF, the APF and the passive filter are connected in parallel with the nonlinear load. In
a hybrid series APF, the APF is coupled in series with the distribution line via the interfacing
transformer. In addition to the series APF, one or more single LC tuned filters are present. The series
APF offers very high impedance for all higher-order frequencies other than the fundamental and the
shunt passive filter filters out all the lower order harmonics.

3.1.3. Three-Bridge Four Wire (TBFW) Inverter

It performs as an active filter to mitigate PQ disturbances by providing compensation for current
imbalance and current harmonics [28]. It also provides active and reactive power support. A bridge
rectifier and a closed-loop boost converter are used to convert the output of the WTG to constant DC
voltage. This constant voltage is then inverted to AC using TBFW inverter. It uses a hysteresis current
controller to function as an APF and as a conventional inverter in TBFW [31].

3.1.4. Dynamic Voltage Restorer

Reactive power uncompensation is one of the most harmful PQ issues that cause voltage
deviation at PCC. DVR is the solution for series compensation. Its function is to inject voltage to keep
the voltage of the WTGs within the acceptable level. The system injected dynamic voltage is
controlled to remove any fluctuations of the voltage. Besides maintaining the voltage level, DVR can
reduce transients in voltage and limit fault current [21]. An example is given in Ref. [32] which
investigates the effect of connecting DVR to a WTG-driven DFIG to allow uninterruptible fault ride-
through of voltage dips fulfilling the grid code requirements. The system performance exercises a
two-phase 37% voltage dip of 100 milliseconds duration. When the DVR compensation is applied,
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the voltage dip can be almost compensated, and the DFIG WTG can continue nominal operation as
required by grid codes. Further, a symmetrical 30% grid voltage swell of 200 milliseconds duration
is examined. As the voltage swell occurs at t = 0.8 s, the DVR injects back a voltage swell of the same
but negative magnitude into the system. Hence, the voltage at DFIG WTG is reduced to the rated
voltage while the grid swell is cleared at t =1 s [21].

3.1.5. Static Synchronous Compensator

The use of PQ correctors such as STATCOM is one of the solutions to recover the deteriorated
PQ issues. It aims to help the WPP in situations of voltage dips, voltage regulation, and power factor
control. Additionally, STATCOM can improve many PQ issues at the PCC such as improving
transient stability and stabilizing power flow [33,34]. Moreover, the STATCOM stimulates voltage
stability by reactive power regulation. It injects reactive power compensation to or from the grid for
voltage variations at the PCC. In the case of low voltage, the STATCOM injects reactive power to the
grid to increase the voltage. When voltages levels are high, the STATCOM can absorb reactive power
to decrease the system voltage. An example is presented in [33], explaining the effect of STATCOM
in improving the voltage level in the system containing DFIG WTG. A 60 MVAR reactive load in the
system causes a sudden voltage drop. Therefore, the STATCOM reactive power helps to increase the
voltage level of the system. Additionally, the provision of reactive power at the WPPs connection
point reduces the deviation of node voltage level from 0.946 p.u. to 0.979 p.u.

3.2. Future Mitigation Trends

This section illustrates the current and future paths in mitigating PQ issues in the grid subject to
wind energy integration. Such trends demonstrate the advancements in energy storage technologies
and control strategies of ESS and transmission technologies of transmitting wind energy.

3.2.1. Energy Storage Technology

Energy storage technologies can play a role in many aspects such as improvement of PQ and
mitigation of voltage variation in addition to the reduction of energy cost. Therefore, WTGs
configured with energy storage technology becomes an effective solution to minimize PQ issues
when WTGs are integrated into the grid [35]. Several energy storage technologies have been
investigated and validated such as flow (zinc bromine) batteries and supercapacitors. Further,
flywheel ESS, superconducting magnetic energy storage, and compressed-air ESS in addition to
pumped-hydroelectric storage are also advantageous [36]. The battery storage enhances the
performance under the disturbances conditions of WPPs and can improve the voltage stability of the
system. ESS provides a bulk system storage from wind in about 15-min periods during high power
availability. Many types of energy storage technologies are being currently used in WPPs. The flow
battery system is different in concept and design from the lead-acid battery. The zinc-bromine battery
system offers the lowest cost for both the stored and delivered energy. Additionally, it offers high
energy density, size, and weight savings over lead-acid batteries. Such type of batteries maintains
their performance even after repeated cycling.

A study in Ref. [37] presents the sizing of ESS for smoothing voltage fluctuation to help high
penetration of WTGs into the grid. The proposed approach determines the minimum capacity of ESS
to satisfy the voltage limit based on the unbalanced three-phase interval power flow. The output
voltages of power flow can directly demonstrate the voltage fluctuation rate based on their interval
forms. Therefore, a feedback mechanism is built between the output voltage fluctuation rate, and the
input ESS practical power to determine the minimum capacity of ESS to satisfy the fluctuation limit.
The results show a reduction in the fluctuation rate from 5.76% to 3.89% when applying ESS with
wind installation. Flywheel ESS is considered in simulating WFs comprising of four fixed-speed
WTGs. The aim of choosing flywheel ESS is to reduce the power and voltage fluctuations caused by
aerodynamic aspects of WIGs. Thus, the results illustrate the effectiveness of flywheel ESS for
mitigating voltage and power fluctuations [38]. It shows a reduction in the magnitude of power
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fluctuation leading to a smoother output power of WPPs. Additionally, voltage fluctuation increases
to 4.8%. Hence, STATCOM and flywheel ESS are implemented to reduce the fluctuation rate.
STATCOM reduces the variation to 3.8% while flywheel ESS minimizes it to 0.6% [39]. The hydrogen-
storage application is used to improve the grid PQ by smoothing large and quick fluctuations of wind
energy. The control system strategies with battery storage can improve the grid PQ by absorbing or
releasing power components. The combination of the battery storage with the control strategies could
improve harmonic distortion and provides dynamic voltage control at PCC. However, the economic
constraint and specific control strategies of the storage technologies should be studied in detail [36].

3.2.2. Transmission Technology

Offshore installation is one of the main trends in WTGs technology and might have a more
favorable energy balance compared with onshore turbines. Offshore WTGs harvest 50% more energy
than a turbine placed on a nearby site. The reason behind this is less friction on the sea surface.
Additionally, offshore turbines have a longer life expectancy than onshore turbines, which is around
25-30 years. The longer life is because of the lower fatigue loads on the WIGs due to the flow
turbulence at sea. On the other hand, the construction and installation of offshore turbines are more
difficult than onshore turbines. However, the transmission of the power generated by offshore WPPs
to the distribution system is another aspect to be carefully considered. HVAC is a simple and
economical solution for power transmission from grid-connected offshore wind farms. However, the
length and power capacity of HVAC cables are limited. The reason is that the distributed capacitance
of undersea cables is much higher than that of overhead transmission lines. However, HVDC is a
secure and efficient way to connect offshore WPPs to the grid. HVDC transmission system offers
many advantages in comparison with HVAC. It has a higher power transmission capability and the
power flow is controllable. Further, cable power losses are low, and offshore WTs are isolated from
any disturbances. However, the classical HVDC transmission system is based on the CSCs with
naturally commutated thyristors, which are the so-called LCC. LCC-based HVDC transmission
technology suffers independent control of the active and reactive power. Furthermore, it produces a
big amount of harmonics. VSC based HVDC transmission system provides more advantages for the
connection of large offshore WPPs. Such a system does not require a strong offshore or onshore ac
network and can even start up against a dead network. Additionally, the reactive and active power
can be controlled in a VSC-based HVDC transmission system. Transmission technologies can help in
stabilizing the grid at PCC [33].

4. Simulation of Voltage Mitigation

4.1. Voltage Mitigation and Control

As the voltage variation is considered the main problem associated with intermittent wind-
based energy sources [9]. The voltage mitigation is achieved using the available reactive of the
inverter-based WECS as shown in Figure 2. The system involves WECS connected to an arbitrary
node k of the study distribution network which may involve various loads. A control signal is
generated from the management system which is sent via power line communication (PLC) and
extracted at node k by the WECS control circuit. A developed control circuit assesses both the
available reactive power from the inverter circuit as well as the voltage at the controlled node and
hence a suitable amount of reactive power is compensated at the point of common coupling (PCC).
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Figure 2. Reactive power compensation of inverter-based WECS.

The general representation of the two-quadrant operation of the interface inverter is shown in
Figure 3, which is possible for Type 3 and Type 4 WECSs [19]. As shown in the figure, the available
reactive power depends on the generated real power from the WECS. For a specific power generation
P, the available reactive power Q; for the purpose of compensation is calculated in real time as

follows:

0 = jsf P (1)

O (pu)

Available
0,

Qat timet “ma 5 = J P +07

~a Qo0
0.
Available Q at Pyan .
42 % of S UR(Jra!rrig
ﬁ‘{ pont
P (pu)
S=1.18
, s 10% increase of
Effect of inverter size Snveriersize
53>5,>S,

- Onax g
5
Fouax

DG capacity

Figure 3. Reactive power control capability of inverter-based energy systems.

However, the actual amount required for compensation to mitigate the voltage and keep it
within a preset code could be different from the available from the inverter Q;. The actual amount is
computed using control methods such as drop control or fuzzy logic controllers. In this paper, the
voltage deviation is evaluated, and fuzzy rules are implemented to compute the required reactive
power Q. to maintain the voltage at the PCC of the WPP. The developed control depends on a
reference signal sent by the management system. In distribution systems, two objectives are defined
to control the voltage level as shown in Figure 4.

(1) the compensation is computed to minimize the deviation between the actual positive sequence
and the reference voltage, hence the overall voltage profile could be improved

(2) the compensation is computed per phase based on the deviation among the three phases and
the reference voltage, hence both the voltage profile and unbalance factor are improved.
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In the case of Q. > Q;, the value of Q. is set to equal the available reactive power from the
inverter Q;. If the inverter size is higher than the installed generator capacity, the available Q; is
increased by a considerable amount which could be invaluable for voltage mitigation [40]. The figure
shows that if the inverter size is increased by 10%, the available Q; changes from 0 to be 42% of the
inverter capacity S; as shown in Figure 3.

Action due to O,

Phase ‘a’ m\\\ﬁ

* +ve sequence/Reference
Phase ‘b’ \ \1
Phase ‘¢’ Action due to Q.

“+ve sequence/ Actual

Figure 4. Possible compensation alternatives for available reactive power from the inverter Q;.

4.2. Fast Quasi-Static Time Series Analysis

To simulate the intermittency of WECS and test out advanced control action, robust simulation
tools are required. Since it is hard to simulate large power systems using time-domain simulation,
quasi-static time series algorithms have been emerged particularly to deal with power networks with
renewable energy systems (RESs). The developed fast quasi-static time series (FQSTS) algorithm has
been implemented to perform various steady-state simulations of electrical energy systems [41—43].
The FQSTS is developed using C++ programming language and it can simulate and produce time
series for many system variables [44]. There are two main algorithms have been developed to deal
with electrical power systems as follows:

4.2.1. Transmission Systems Tool

The FQSTS simulation of transmission system involves two types, dispatchable and non-
dispatchable sources. The dispatchable sources include fossil fuel power plants. The non-
dispatchable sources include RES such as wind power penetration. The latter enjoys priority dispatch
criteria to encourage investment in RES. In transmission systems, the time series involves various
time-scale control actions including economic load dispatch and primary and secondary controls.
The operation cost is optimized during the simulation using economic load dispatch as follows:

Ng

min F = Z £i(Py) )
i=1

Pgi,min = Pgi = Pgi,max (3)

where F is the total operation cost of fossil fuel power plants, f; is the cost function of a power plant,
P,, the power generation of a power plant i.

Equation (8) is subject to a set of equality and inequality constraints such as power balance
equation, minimum and maximum power generation for each power plant. The economic load
dispatch is usually solved repeatedly during the FQSTS simulation every 15-30 min. Within this time
frame, control actions including steady-state frequency error calculation and power participation are
executed to guarantee power balance in the system [42]. Control action of the automatic voltage
regulation (AVR) is included in the simulation for all power plants. The generated reactive power is
subject to the excitation system limits which is described by:

_Qgi,max < Qgi < Qgi,max (4)

In the case of WPP, the reactive power limits depend on the available reactive power according
to (1), hence WPP reactive power compensation is reactive power expressed as follows:
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The developed tool utilizes standard power-flow libraries including the Gauss method and
Newton-Raphson methods to track the state variables of the transmission system.

4.2.2. Distribution Systems Tool

The developed algorithm is intended to deal with distribution systems which are characterized
by both system and load unbalances as well as high R/X ratio. To increase the speed of computation,
hence, an accelerator is used to speed up the solution process. The main packages of the simulator
include the following:

Accelerator: The developed algorithm utilizes various predictor methods including linear and
non-linear predictors to predict the initial guess of the voltage magnitude and phase angle. The initial
guess for a specific function can be evaluated as follows [45]:

n n
@ =Yy [ [
Yl lx —x (6)
i=0 Jj=0 t J
Jj#i

where m refers to the phase a,b,orc, y™ is the voltage magnitude V™ or phase angle 6™, the
variable x represents the independent variable which could be the time or active or reactive power
according to the prediction technique adopted for calculating the initial guess [44,46,47]. If the
adopted technique is based on time variation instead [44,47], a linear approximation of (6), n =1, is
expressed as follows:

t—t t—t

V() = VM (t)) ——— + V() — @)
to—ty 1 —{p
t - tl t - to

8™(t) = 8™ (o) +6™(t1) (8)
to - tl tl - to

An approximation used for (3) can also be utilized for evaluating the initial guess during the
solution of a time series considering the voltage magnitude and phase angle as a function in the load
variation [46].

Power-flow engine: The load flow analysis utilized with the FQSTS is based on the forward-
backward sweep analysis method [44,48]. The method includes mainly three basic steps [47]:

(1) calculating the nodal current injection for phase p =4, b, or c:

SP\"
= (35) ©)

(2) calculating the branch current vector J; which flows in a line segment [ connected between
upstream node i and downstream node j nodes:

=1L+ Z]k' (10)
keL
where k is the set of lines connected to the downstream node j of the line segment .
(3) after calculating the branch currents, nodal voltages are updated starting from the substation
as follows:

Vi =V = 1], (11)
where V is the voltage vector, Z;; is the line impedance matrix of a line segment [ connected

between nodes i and j.
The above three steps are repeated until the convergence of the power flow solution is realized.
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4.2.3. Overall Simulation Process

The developed FQSTS simulator models various types of wind types energy systems as well as
other resources such as energy storage systems including electric vehicles [49]. Additionally, the
FQSTS involves voltage stability and control algorithms [40,48-51], and system and operating data
management. Hence, simulation of mitigation using active and reactive power control can be studied
using the FQSTS algorithm [42,44,46,47,52,53]. The basic blocks of the solution process performed
using the FQSTS simulator are shown in Figure 5 where the process starts with data preparation of
the study system. The simulator begins the calculations using flat-start conditions of all variables and
conducting simulations starting from the initial time t, whereas the time t; is progressing towards
the final time of the simulation period t;. The simulator performs simulation using time steps t
starting of 1 s.

( Start )
v

System Data
Network Structure

Y

=1t

Y

Operating Data
Load & RES

Y

Fast Steady State Analysis
Computation Algorithm

i v

L1 =t VAR Controllers

Read Data #,.4,

If >ty

C End )

Figure 5. Fast QSTS time-series grid simulator.

4.3. Results of Selected Case Studies

In this section, mitigation of voltage variation due to WPP using reactive power using two
standard IEEE test systems [54]. Typical Saudi electric load profiles for real data collected during
summer months are used to perform the simulation. The load profiles of these daily load curves are
as exhibited in Figure 6 that are based on a substation located in Riyadh, Saudi Arabia [55]. The WPP
utilizes an intermittent wind power generation profile which is shown in Figure 7 [42].
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Figure 6. Normalized load profiles of a substation located in Riyadh city.
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Figure 7. Intermittent wind power generation profile.

4.3.1. Transmission System Case Studies

The IEEE 30-node test network comprises of 30-node, 41-line, and 256.4 MW total base demand.
The system has six generators that are connected at nodes “1”, “2”, “5”, “8”, “11”, and “13”. The
complete circuit of the IEEE 30-node is shown in Figure 8 which is based on reference [56]. The WPP
is connected at node “30” of the IEEE 30-node test system [57]. Three cases are analyzed that include:
Case 1 the system without any wind penetration at node ‘30’, Case 2 the capacity of the WPP is taken
small as 10 MW, and finally Case 3 the capacity of WPP is 50 MW which is about penetration level of
25% of the total base demand.
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3¢

£
13

Figure 8. The IEEE-30 node standard test feeder with WPP at node ‘30" [56].

In all cases, the IEEE 30-node test system is analyzed using the FQSTS simulator at a loading
factor of one and half of the base case demand for all simulations. The simulation is conducted based
on a 1-s time step whereas the economic load dispatch is executed repeatedly every 15 min. During
the 15-min timescale, load frequency control and base-point participation are regularly performed.
Any deviation in the power balance within a timescale of 1-min is represented by a steady-state
frequency drop which is corrected via base-point participation. The test shows the interaction
features of various control actions in the study system during the simulation period of 24-h. As the
FQSTS provides a grid simulation with many details for system variables, the focus of the analysis
here is directed to the WPP reactive power compensation, and its impact on voltage mitigation.

Case 1 System without wind penetration: the IEEE 30-node is analyzed without WPP at node
“30”. The voltage profiles of the voltage-controlled nodes and node “30” are exhibited in Figure 9.
The results show that the available reactive power by synchronous machines is sufficient to keep the
terminal voltage of the controlled nodes “1”, “2”, “11”, and “13”. The remaining generators at nodes
“5” and “8” couldn’t provide the necessary reactive power to keep the voltage at the desired reference
value. This is mainly due to their excitation limits as well as high local reactive power demand and
nodes “5” and “8”. The voltage at node “5” becomes controllable again as the time approaches
noontime. This is in line with demand variation in the kingdom of Saudi Arabia. According to the
demand profiles shown in Figure 6, commercial demand drops, and residential demand increases
during the noontime (12:00-4:00 PM). The generator at node “5” can provide 40 MVAR with a
maximum local demand of 19 MVAR. Hence, the generator can control the terminal voltage if there
is no high reactive power demand propagated from the network. However, this is not the case for
the generator at node “8”, the generator can only provide 10 MVAR whereas the maximum local
demand is 30 MVAR which is much beyond the generator capacity even if there is a drop in the
demand. Hence, the voltage Vg becomes uncontrolled as exhibited in Figure 9. Finally, the voltage
V3o at node “30” which is a candidate location to install the WPP is uncontrollable since it is treated
as a pure load node in the simulation. The results show that although node “30” has low active and
reactive demand, the voltage drops beyond 95%.
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Figure 9. The voltage of the generator nodes of the IEEE 30-node and the voltage at node “30” which
is a potential candidate to install a non-dispatchable wind farm.

Case 2 System with 10 MW WPP: A 10 MW WPP is connected to the IEEE 30-node at node “30”.
The WPP is equipped with reactive power compensation facilities. Figure 10 shows that the voltage
at the controlled voltage nodes and the voltage at the PCC of the WPP. Generators at nodes “1”, “2”,
“11”, and “13” have the necessary reactive power to keep the terminal voltage of these power plants
at their desired reference value. However, the remaining generators have limited reactive power as
discussed in Case 1. The generators at node “5” and node “8” provide the maximum reactive power
available as shown in Figure 11. Hence, the two generators cannot maintain the terminal voltage at
the desired values. Their model is changed from a controlled voltage node to a constant PQ generator
model.

Voltage (pu) V1
1

V13

1.05

1.00

0951 PCC of wind power plant i
v30
0.90 : :
8§ AM 12 4 8§ PM

Time (Hr)

Figure 10. The voltage of the voltage-controlled nodes of the IEEE 30-node including a non-
dispatchable 10 MW wind farm located at node “30”.
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Figure 11. Reactive power generation from synchronous machines and the non-dispatchable 10 MW

wind farm.

Similarly, the WPP at node “30” cannot maintain the terminal voltage at the PCC since it already
delivers all reactive power available from the compensator. The reactive power of the WPP is
bounded by Equations (1) and (3). With power generation intermittency, it is quite difficult to
regulate the voltage all the time due to the variation of the reactive power limit. The results show that
the reactive power generation of the WPP delivers its maximum reactive power during the whole
simulation period. Hence, with a small WPP in a range of 5% of the total base demand, voltage
fluctuations are not fully mitigated using the available reactive power from the WPP. It is important
to mention herein, that the voltage variation at PCC of the WPP is not a local problem but also affects
other unregulated nodes of the study system.

Case 3 System with 50 MW WPP: A higher penetration level is considered for the same system
conditions as the above cases. The capacity of the WPP is taken to be 50 MW. The obtained results
show that active power dispatch has been changed in the study system. Additionally, the available
reactive power for compensation becomes visible for the grid size. Figure 12 shows both the active
and the available reactive power for compensation from the WPP. Additionally, the figure exhibits
the amount of reactive to be injected into the grid to regulate the voltage at node “30” and keep it at
1.06 p.u. In comparison to previous cases without or with a small power plant size, the results
exhibited in Figure 13 show that the reactive power compensation mitigates the voltage at PCC and
hence it could improve the overall grid voltage profile.

50

40

0.

20

Active & Reactive Power

O MVAD W/\WW \’\/J\
0
12 4 PM

Time (Hr)

Figure 12. Active and reactive power generation of a 50 MW wind farm located at bus “30” of the
IEEE 30-node.
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Figure 13. Voltage profiles at PCC for a WPP with reactive power compensation capability, the WPP
is connected at the node “30” of the IEEE 30-node.

4.3.2. Distribution System Case Studies

The IEEE 123-node standard test feeder is selected to be used to present some selected case
studies [54]. The feeder involves a mix of three-phase, two-phase, and single-phase line segments. It
has four voltage regulators, various balanced and unbalanced spot loads, and four capacitor banks.
In the proposed test, the load buses of the IEEE 123 feeders are classified into three categories
according to load type viz. residential, industrial, and commercial. The WPP is assumed to be
connected to the system at bus “67”. The size of the wind power plant is chosen to be 50% of the total
load of the base case of the feeder.

Case 1 System without wind penetration: The base-case load of the IEEE 123 feeder is simulated
using the Saudi load profile. Two scenarios have been simulated. In the first scenario, all voltage
regulators are de-energized from the feeder. This scenario shows smooth voltage profile variations
due to smooth changes in demand. This case shows that to keep the voltage profile time-series within
the desired limit of V + 5%, voltage regulators should operate to adapt the variation of the load
profiles along the day.

Case 2: System study with wind penetration: It is identical to Case 1 but with WPP. The voltage
profile time series involves rapid fluctuations due to the intermittency of WPP. The voltages slightly
increase and drop back as the wind power generations fluctuate. The result obtained from this case
emphasizes the impact of wind power intermittency on electrical power systems. As the voltage
regulators are energized, the time-series of the voltage profiles are improved and becomes closer to
the allowable limits V &+ 5%. However, excessive operation of regulator taps could affect the age of
the regulator and yet cannot completely handle the fast fluctuations of wind power generation.

Case 3 System study with wind penetration and reactive power compensation: It is identical to
case 2 but reactive power compensation is included. Firstly, regulators are de-energized, the reactive
compensation successfully keeps the voltage within the limits V + 5%. Figure 14 shows that the
changes in Q. so that the voltage is kept within its desired limit. The upper bound of Q. is the
available reactive power Q from the power plant. The middle of the time axis of Figure 14 shows
that as Q drops, hence, Q. drops instantaneously. Secondly, when regulators are included in the
simulation, they keep the voltage profiles at a slightly higher level. This is due to the setting of the
regulator and the delay time required for the regulator to operate. Along the simulation period, more
tap movements are performed to keep the voltage within the allowable limits. In general, the
intermittent nature of wind power affects the voltage and changes its profile from a smooth pattern
to a much-fluctuated pattern.
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Figure 14. The phase voltages (p.u.), the available reactive from the WPP Q (p.u.), and reactive power
compensation Q. (p.u.) when the regulators are de-energized.

When the voltage magnitude of the regulated bus, at PCC, is within the allowable limits, the
compensator will not provide additional Q. which is opposite to the regulators that are distributed
along the feeder and sense different points in the grid. This is exhibited in Figure 15a which shows
that Q. only appears beyond 6 PM whereas the voltage of the regulated bus drops. The amount of
Q. is just enough to regulate the voltage of the PCC as shown in Figure 15a. Hence, the regulators
continue to operate to regulate the remaining nodes in the study system.

Within the timescale of the simulated series, the regulators operate many times, as shown in
Figure 15b, to control and keep the feeder voltages within the preset limits. However, these excessive
movements could be avoided by maximizing the role of the reactive power compensation to mitigate
the voltage fluctuations. When the reactive power control is enabled with all regulators de-energized,
it successfully mitigates the voltage and keeps it within the desired limits. However, to increase the
reliability of the compensator and guarantee the availability of Q., the capacity of the inverter size
should be higher than the capacity of the generator. The result shows that reactive power control can
mitigate the voltage and increase the lifetime of voltage regulators by decreasing unnecessary tap
movements.
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Figure 15. The reactive power compensation and voltage regulator action of Case 3: (a) The pu phase
voltages, the available reactive from the WECS Q, and reactive power compensation Q. (b) Tap
changes operation.

It is important to mention herein that during implementing the above case studies, it is
recognized that when the time step setting of the simulator is reduced, the reactive power
compensation provides much better results in terms of smoothing the voltage fluctuations. This
indicates that in the real operation of an inverter-based circuit that has a very fast time response, the
reactive power compensation could provide a very smooth voltage profile in real-time. In this
mitigation process, the only concern is the availability of the reactive power from the WPP which
includes may be improved by increasing the size of the power electronics interface circuit.
Additionally, implementing DR could eliminate fluctuations with proper control of both active and
reactive power in distribution systems. This is currently under investigation and will be reported
soon.

5. Conclusions and Future Work

This paper presents a brief overview of Saudi electricity consumption as well as the need for
empowering renewable energy resources in the power grid. Saudi has an inductive grid due to the
high use of air conditioning. Thus, this work presents the most common PQ issues in the grid due to
the penetration of wind energy, namely voltage variation and harmonics. Several mitigation
techniques such as DVR, STATCOM passive and active filters and inverters are discussed. However,
a longer study is required to comprehensively account for wind energy integration into the Saudi
electricity infrastructure. As a demonstration example for intermittent wind power supply, a typical
summer load profile of a substation in Riyadh city is analyzed using the quasi-static time series
simulator with a standard IEEE test systems. The IEEE 30-node is simulated to assess the role of
reactive power of WPP in voltage mitigation. The results show that the larger WPP with reactive
power capability could mitigate the voltage at the PCC of the WPP and hence improve the overall
voltage profile of the study system. On the other hand, the analysis of radial distribution systems
with WWP shows that the voltage regulators can keep the voltage profile within the allowable preset
limits of the nominal voltages. However, regulators cannot eliminate the fluctuations in the voltage
profile. Besides, excessive operation and movements of the regulator tap setting could affect the
device’s lifetime. Reactive power compensation provides an efficient and fast control action due to
inverter circuits. The amount of reactive power depends on the type and size of the interface circuit.
The future research seeks for robust control and management of various power resources in a
competitive power pool with demand-side mechanism and at the same time mitigate any resulting
power quality issues accompanied by RES integration.
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Abbreviation
AC Alternation Current
APF Active Power Filter
BSCFD Billion Standard Cubic Feet per Day
Ccsc Current Source Converter
DC Direct Current
DFIG Doubly Fed Induction Generators
DMS Distribution Management Systems
DR Demand Response
DVR Dynamic Voltage Restorer
EMI Electromagnetic Interference
EMT Electromagnetic Transient
ESS Energy Storage System
FACTs Flexible AC Transmission systems
FQSTS Fast Quasi-static time-series
FSIG Fixed Speed Induction Generator
HTF Harmonic Trap Filter
HVAC High Voltage Alternating Current
HVDC High Voltage Direct Current
LCC Line Commutated Current
PCC Point of Common Coupling
PCU Power Conditioning Unit
PLC Power Line Communication
PMS Root Mean Square
PMSG Permanent Magnet Synchronous Generator
PQ Power Quality
PWM Pulse Width Modulation
PWM Pulse Width Modulation
RES Renewable Energy Systems
RLC Combination of Resistance/Inductor/Capacitor Circuit
STATCOM  Static Synchronous Compensator
TBFW Three-Bridge Four Wire Inverter
TDD Total Demand Distortion
THD Total Harmonic Distortion
VSC Voltage Source Converter
WF Wind Farm
WPP Wind Power Plant
WTG Wind Turbine Generator
List of Symbols
c subscript refers to compensator
f subscript refers to final time
g subscript refers to generator
1 current
1 subscript refers to inverter capacity
I nodal current vector

i,j subscripts refers to counter serial
] branch current vector



App

NS X ST vhood 3 3

1. Sci. 2020, 10, 8852 22 of 24

subscript refers to time sample counter
superscript refers phase a, b, and ¢
total number of a sample

S

reactive power

phase angle of a nodal voltage

subscript refers to initial time

apparent power

active power

subscript refers to the width of the time sample
time

voltage magnitude of a nodal voltage

refer to impendent variable in Lagrange’s equation
refers to dependent variable in Lagrange’s equation
branch current impedance matrix
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