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Abstract

The demand for renewable energy is rapidly increasing for several reasons, including global
warming, environmental effects, and energy independence for nations that now import the ma-
jority of their energy needs. Europe, as a whole, imports more fossil fuels than any other region
in the globe, but the continent made the bold choice to become carbon neutral by 2050. Utilizing
as much renewable energy as possible, including wind and solar, will be crucial to meet that
goal. In many European nations, wind energy is one of the major sources of electricity, and its
proportion will rise. Since wind power over the oceans and seas is more plentiful and powerful
than wind power on land, off-shore wind farms are one of the keys to advancing the higher
penetration of renewables. Repairs and maintenance in offshore wind farms can be complex,
in addition to the difficulties brought on by activities on the sea and the problems caused by
humidity. The wind turbine Type IV is typically utilized in off-shore applications to reduce
maintenance concerns since it may be gearless and may use a permanent magnet generator and
full-scale converter. As the penetration of renewableswith power converters grows, new control
approaches must be considered, and the benefits and drawbacks of each control structure must
be weighed. A wind turbine Type IV model with grid-following and grid-forming control was
built in Simulink and PSCAD during this project, and their behavior in an IEEE 9-bus system
was evaluated at the completion.
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1 Introduction

1.1 Background
In Europe, fossil fuels account for around 70% of total energy consumption (22% gas and 43%
oil), and electricity, which accounts for about 22% of total energy consumption [28], is also
mostly produced using fossil fuels, primarily coal and gas. Gas usage has increased recently as a
result of perceptions that it is a cleaner energy source than coal and oil and ismore popular with
the public than alternative power sources like nuclear. Concerning natural gas, the European
economy is dependent on countries out of the EU,with conditions varying fromnation to nation
(with some, particularly in the Baltic’s, receiving 100% of their demand) [7]. In addition, the
EU has pledged to make new, ambitious climate change reduction goals legally enforceable.
According to a new agreement reached by the EU Parliament and member states, the EU will
reduce carbon emissions by at least 55% by 2030 compared to 1990 levels [46]. Transitioning to
more sustainable renewable energy sources like wind and solar is therefore required to address
issues like releasing from unfriendly energy providers and fulfilling carbon reduction targets.

Figure 1: Evolution of installed renewables and renewable waste capacity (MW) in EU-27 [22]

As shown in Fig. 1, renewable installed capacity has expanded in recent years and will continue
to do so. This transformation has altered the network from conventional centralized features to
distributed generation and smarter grids, increasing system complexity. The system strength
is more crucial when renewable sources, which employ fast converters, replace traditional gen-
eration. The fast reaction of reactive power injection from the converters into the grid, which
results in un-damped voltage oscillations, may cause issues if the grid is weak and has a high
voltage sensitivity. Therefore, the grid strength and converter speed will influence dynamic
response and grid stability. New control mechanisms are needed to prevent the system from
collapsing when power converter penetration increases [55].
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1.2 Current state of wind energy production
The year 2020 was the strongest year for the wind energy sector, with a 53% year-over-year gain.
Despite the interruptions caused by the pandemic, 93 GW of additional capacity was added to
the network, demonstrating the wind power industry’s resiliency [10]. Wind-generated almost
1600 TWh of power in 2020, accounting for more than 5% of global electricity and 2% of total
energy consumption. With over 100 GW added in 2020, primarily in China, global installed
wind power capacity surpassed 730 GW [32]. Analysts think it should increase far quicker -
by more than 1% of power output each year - to help fulfill Paris Agreement commitments to
reduce climate change [14]. However, as seen in Fig. 2, this goal has yet to be met, and growth
is less than 1%.

Figure 2: Global wind energy share in electricity mix 2021 [35]

It is important to note that onshore wind farms are now more common than offshore ones,
although developed nations have a strong desire to expand offshore [70]. The constancy of the
wind over the oceans and sea compared to onshore winds makes offshore wind farms more
efficient in addition to the reason that these wind farms are far from humans so environmental
concerns will be reduced significantly. The issue is offshore wind turbines are more expensive
compared to onshore farms but by developing the technology and higher generation capacity
of offshore turbines due to the abundance of wind over the sea, the economical barriers can be
compensated and in the future offshore farms can be the most implemented wind farms [16].

Wind turbine Type IV is the most commonly used offshore wind turbine due to its capabilities,
such as variable speed, high efficiency, and the absence of a gearbox and brushes in the case of
a permanent magnet rotor, which minimizes maintenance, as well as the full-scale converter,
which can completely decouple the machine from the grid. Because of the aforementioned
reasons, wind turbine Type IV was investigated in this study.
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1.3 Power system challenges with high penetration of renewable energy
Different future scenarios of electrical generation in Europe have been taken into considera-
tion in the Ten-Year Network Development Plan of the European Network of Transmission Sys-
tem Operators for Electricity, or ENTSO-E. According to a 2018 assessment, renewable energy
sources will likely provide 50% or possibly more of all demand until 2030 and up to 80% by
2040. It is noteworthy that they forecast that by 2030, installed wind capacity in Europe will
double or triple from what it was in 2014 [57].

As further renewable with power converters join the network, various concerns arise owing to
the nature of power converters vs synchronous generators, which are more focused on system
stability. Some of these issues will be addressed.

• Frequency stability:

Replacing traditional synchronous generatorswith power converters entails swapping out
massive rotating shafts for quick power electronics. Those heavy rotational rotors provide
a high value of inertia, which greatly aids grid stability during faults or overload condi-
tions [45]; even so, with power converters, this characteristic does not exist in real life;
however, by adding virtual inertia or fast frequency response, the problem can be miti-
gated.

• Voltage stability:

Based on the ability to produce an angle while adjusting the voltage and injecting power,
synchronous generators are typically regarded as PV buses in power system analyses.
As power converter deployment increases, which they are expected to continue to do so,
converters are regarded as PQ buses in power systems with grid-following control struc-
tures; hence, for conversion to PV bus characteristics, their control structure must be grid-
forming. In grid-forming, the converter has the ability to generate its own voltage and
angle, connect to weak grids or operate alone, and perform black-start, which is impor-
tant [55].



Pag. 12 UPC

1.4 Objectives
The objectives of this project are to comprehend the modeling of Type IV wind turbines, design
and comprehend various control strategies, such as grid-following and grid-forming, research
and model Type IV wind turbines with grid-following and grid-forming control, simulate and
analyze Type IVwind turbine grid-following and grid-forming control in an IEEE 9-bus system,
and build a Python tool that reads data from PSSE and sends it to PSCAD.

1.5 Scope of the project
• Investigating the Type IV wind turbine in detail.

• Analysis of the Grid-following and Grid-forming control structures.

• Performing simulation of the wind Type IV with Grid-following control in Simulink.

• Performing simulation of thewind Type IVwith Grid-following andGrid-forming control
in PSCAD.

• Analysis of the IEEE 9-bus system with Grid-following converter.

• Analysis of the IEEE 9-bus system with Grid-following and Grid-forming converters.
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2 Wind energy technology

2.1 Wind origin
In its simplest form, the wind is just a large volume of air moving in one direction. It starts be-
cause of variations in air pressure and temperature. Sunlight is the reason for these variations.
Some areas of the Earth’s surface are heated by solar radiation more than others because of the
way the planet spins. Hot regions cause air to lift and expand, creating low pressure under-
neath. High pressure is produced when the air cools and falls in cold locations. The wind is
created when high-pressure air rushes into a low-pressure region [59].

Figure 3: Global winds [24]

Climate-affecting global wind patterns are created by similar factors. The equator, for example,
is usually hot. High above the ground, air rises here and spreads north and south. Air is drawn
in from the north and south at a lower altitude. Because of the Coriolis effect, which is a result of
the Earth’s rotation, moving air masses curve, causing the winds that converge on the Equator
to originate from the northeast in the Northern Hemisphere and the southeast in the Southern
Hemisphere, respectively. These winds are termed the trade winds.

The surfacewinds attempt to blow toward the poles farther away from the equator, but the Cori-
olis force bends them in the other direction, producing westerlies. Cold surface winds attempt
to blow toward the equator at latitudes higher than around 60°, but, like the trade winds, they
are deflected by the Coriolis effect, creating polar easterlies [65].

2.2 Wind energy potential
Understanding the characteristics of the wind resource is essential for all aspects of utilizing
wind energy, from finding suitable locations and determining the economic viability of wind
farm projects to designing the wind turbines themselves and comprehending their impact on
electricity distribution networks and consumers [12].
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Figure 4: Onshore wind full load hours[kwh kw−1][6]

Wind energy is the kinetic energy of air in motion. The total amount of wind energy passing
over a hypothetical surface of size A at time t is [62]:

E =
1
2

mv2 =
1
2
(Avtρ)v2 =

1
2

Atρv3 (1)

Where ρ is the density of air, v is the wind speed, Avt is the volume of air flowing through A
(which is assumed perpendicular to the wind direction), and Avtρ is therefore the mass m
flowing through A [62].

P =
E
t
=

1
2

Aρv3 (2)

Thus, the available power rises eight times when the wind speed doubles. Wind power in an
open airflow is related to the third power of the wind speed.

2.3 Wind turbine fundamentals
A wind turbine is a machine that uses the wind’s kinetic energy to generate electricity. The
wind must slow down by losing part of its kinetic energy, but only the air that passes through
the rotor disc is impacted. A boundary surface can be drawn that contains the affected air mass,
and this boundary can be extended upstream and downstream to form a long stream tube with
a circular cross-section. This is presuming that the affected air mass remains distinct from the
air that does not pass through the rotor disc and does not slow down. The mass flow rate of the
air moving down the stream tube will be the same at all stream-wise points along the stream
tube since there is no airflow over the boundary. The cross-sectional area of the stream tube
must increase to make room for the slower-flowing air because the air inside the stream tube
slows down without becoming squeezed as can be seen in Fig. 5.

A quick step change in velocity is not conceivable nor desired because of the large accelerations
and forces it would need, even though kinetic energy is collected from the airflow. However,
pressure energy may be extracted step-wise, and all wind turbines, regardless of their design,
work this way. Upstream air is gradually slowed down by the turbine’s presence such that by
the time it reaches the rotor disc, its velocity has already fallen below that of the free-stream
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Figure 5: The energy extracting stream-tube of a wind turbine [12]

wind. Because the air has not yet been worked on or by the slowdown, its static pressure rises
to soak up the loss of kinetic energy. The stream tube expands as a consequence of the slowing.

By design, there is a static pressure decrease as the air moves through the rotor disc, causing
the air to exit below atmospheric pressure. After that, the air moves downstream at a slower,
static pressure. For equilibrium to occur, the static pressure in the wake must eventually, far
downstream, restore to atmospheric pressure. The increase in static pressure results in a loss of
kinetic energy, which further slows thewind. As a result, there is no difference in static pressure
between the far upstream and far wake situations, but there is a decrease in kinetic energy [12].

2.4 Power coefficient
The wind power sector frequently uses a metric of wind turbine efficiency called the Power
Coefficient (Cp) is the ratio of a wind turbine’s actual electric power output to the total wind
power entering the turbine blades at a given wind speed. In this sense, the power coefficient
refers to the efficiency of all the components that make up a wind power system, such as the
generator, power electronics, shaft bearings, and turbine blades.

cp =
Pe

Pw
(3)

The cp of a certain wind turbine changes depending on factors like wind speed, pitch angle,
rotation speed, and other factors. It is a measurement of the total system effectiveness of a
certain wind turbine. It should not be compared to or confused with the capacity factor for
wind energy [62]. The expression that is used to compute cp is [2]:

cp(λ ,θpit ch) = c1(
c2

Λ
− c3θpit ch − c4θpit c

c
h

5 − c6)e−c7
1
Λ (4)

Λ = [(
1

λ + c8θ
)− (

c9

θ 3 +1
)]−1 (5)
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2.4.1 Betz‘s law

A wind turbine cannot convert more than 16/27 (59.3%) of the kinetic energy of the wind into
mechanical energy spinning a rotor, according to German scientist Albert Betz, who came to
this conclusion in 1919. This is still referred to as the Betz Limit or the Betz’ Law and it can be
deduced as follows:
According to (1) which illustrates the wind power based on kinetic energy [11],

P =
1
2

m.(v2
1 − v2

2)

P =
1
2

Aρv(v2
1 − v2

2)

P =
1
4

Aρ(v1 + v2)(v2
1 + v2

2)

P =
1
4

Aρv3
1(1− (

v2

v1
)2 +(

v2

v1
)− (

v2

v1
)3))

(6)

By obtaining the derivative of P respect to v2
v1

at a certain speed and area, it can be concluded
that maximum power may be acquired when v2

v1
=1

3 , Then by substituting in (2) [11],

Pmax =
16
27

1
2

Aρv3

P = cp
1
2

Aρv3
(7)

This restriction stems from the inherent limitations of wind turbines rather than inefficiencies
in the generator. A wind turbine would need to block 100% of the wind to be 100% efficient;
but, in that case, the rotor would have to be a solid disk, which would prevent it from turning
and prevent any kinetic energy from being transferred. On the other hand, in the case of a wind
turbine with a single rotor blade, the majority of the wind flowing through the region the blade
sweeps would totally miss the blade, allowing the wind to retain the kinetic energy.

Wind energy:
100%

Wind energy spilled:
40.7%

Conversion to electricity:

70% of the 59.3% of the input 
wind energy

Figure 6: Betz limit [37]

The theoretical maximum power efficiency of any wind turbine design is 0.59, meaning that a
wind turbine can only capture up to 59% of the energy delivered by the wind. The real-world
limit is significantly below the Betz Limit after the engineering specifications for a wind turbine
are taken into account, with values of 0.35 to 0.45 being typical even in the best-designed wind
turbines. Only 10 to 30 percent of thewind’s power is ever truly turned into usable energywhen
additional inefficiencies in the entire wind turbine system are taken into consideration, such as
those in the generator, bearings, power transmission, and other components [37],[43].
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2.4.2 Aerodynamic lift force

The force that defies gravity is called lift [29]. All wind speeds instantly provide lift force at the
moment of wind impact, which also happens to be the moment the rotor begins to revolve. It is
crucial tomaximizing aerodynamic lift using suitable design since it is the force that determines
howmuch power the turbinewill produce [52]. According to the configuration of the rotational
axis on the horizontal axis and vertical axis turbines, wind turbines that use aerodynamic lift
may be classified as either working with lift force or drag force [5]. A response force known
as thrust is produced by the lift produced at the rotating blades and it works to counteract the
oncoming wind [21].

The forces acting on the turbine depend on both the local relative airspeed and the angle of
attack of the turbine. The assumption is that the blades are stiff and quickly aroused by air to
change the angle of attack. By changing angles normally to the wind direction, it is possible to
create aerodynamic lift. The angle of attack (AoA) generates the most lift in this situation. The
angle of attack is controlled by adjusting the blade pitch, which enhances the lift [18]. According
to Betz’s law, the relative speed at which air impacts a lift-driven rotor’s blade (V) depends
on the blade’s speed at the radius in question and about two-thirds of the wind speed [52].
According to the (7), the lift force is also a function of dynamic pressure, surface area, and lift
coefficient [12].

FL = (
1
2

ρALV 2)CL (8)

Figure 7: Lift and drag force of wind turbine [56]

Due to the fact that the blades absorb the wind’s energy according to Bernoulli’s principle in
order to attain the lift because of the air pressure difference. The lift factor is stated as [12]:

CL =
FL

1
2 ρALV 2

(9)

As the angle of attack on the rotor blade increases, lift forces will also rise. Beyond 2.2°, the
angle of attack falls and the lift-drag ratio decreases [18] this implies that at every rotor speed,
the relative wind velocity is unchanged [52]. That is to say, an increase in turbine speed results
in an increase in the turbine’s lift. On the other hand, a slower-moving turbine produces less
lift.
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2.4.3 Restrictions on power

Once wind speed exceeds the wind turbine’s rated speed, the most popular method for chang-
ing the aerodynamic thrust is pitch angle control. Other controlling factors includewind speed,
generator speed, and generator power. The efficiency of the turbine will be greatly improved
in low wind speeds below the defined value if the speed controller is able to hold the tip speed
ratio constant at the level that provides the greatest power coefficient.

When the rotating speed is maintained constant and the wind speed exceeds the rated veloc-
ity, pitch angle correction is necessary. Small adjustments to pitch angle can have a significant
impact on power output [68]. The following might be used to explain the pitch angle control’s
objective:

• Optimizing thewind turbine’s power production. For the greatest power, the pitch setting
should be at its highest value when the wind speed is below the rating.

• Avoiding surpassing the design limitations with regard to input mechanical power. Pitch
angle control offers a highly efficient way to manage the aerodynamic power and loads
generated by the rotor over the rated wind speed.

• Reducing the mechanical component of the turbine’s fatigue stresses. It is obvious that
the stresses the turbine experiences may be significantly impacted by the way the control
system behaves. The influence on loads must be considered in the controller’s design,
and the controller should make sure that the control action won’t lead to excessive loads.
Beyond this, it is feasible to explicitly include the reduction of certain fatigue loads as an
extra target when designing the controller.

The Fig. 8 depicts the usual power control zones of a wind turbine. When the wind speed is
greater than the cut-in wind speed, the turbine starts to rotate. With increased wind speed,
the turbine can produce more electricity. The producing power reaches the rated power of the
turbine at the predetermined wind speed. The generator output power remains constant at the
design limit as long as the wind speed increases. The turbine is turned off for safety reasons
when the wind speed exceeds the cut-out wind speed [68].

the

Figure 8: Power control regions of wind turbine [17]
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2.5 Types of wind turbine

2.5.1 Wind turbine Type I

The fixed-speed wind turbine using a directly grid-coupled squirrel-cage induction generator
(SCIG) is one of the wind turbine ideas, as depicted in the figure below. The rotor shafts of the
high-speed induction generator and the low-speed wind turbine are connected by a gearbox.
Only a small range of rotating speeds above the synchronous rotational velocity can be tolerated
in this wind turbine design. These minuscule fluctuations in rotational speed are what lead this
Type of wind turbine to be regarded as operating at a constant speed. Due to the reactive power
consumption of the SCIG, compensating capacitors are typically used for reactive compensation
and to enhance the power factor [50].

Figure 9: Wind turbine Type I [31]

Durability and ease of control are twomain benefits of this Type of wind turbine, however since
it must operate continuously at a constant speed, there will be considerable mechanical stress
alongside the necessity of a soft starter, to mention it won’t be able to sustain the grid during
faults [25].

2.5.2 Wind turbine Type II

The wound rotor induction generator that powers the limited variable speed wind turbine, as
seen in the following figure, is connected directly to the grid. A soft starting ensures a smooth
grid connection, and certain capacitor banks offer reactive power adjustment. The rotor wind-
ings are also linked to a set of three-phase external resistors, a three-phase diode bridge, and an
IGBT switch.

With this configuration, the generator speed may only vary by 0 to 10% above synchronous
speed. As a result, the term "limited variable speed wind turbine" refers to a wind turbine
with an induction generator and variable rotor resistance. By adjusting the IGBT switches, the
effective value of the rotor resistance may be controlled. Then, by adjusting the rotor resistance,
the rotor current and, consequently, the rotor speed, will be managed [51].
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Figure 10: Wind turbine Type II [31]

2.5.3 Wind turbine Type III

According to Fig. 11, a Type III wind turbine uses doubly-fed induction generators (DFIGs),
the stator windings of which are connected directly to the power grid, and the rotor windings,
which are connected to the grid via a back-to-back voltage source converter (VSC) made up of
a machine side converter (MSC) and grid side converter (GSC). By adjusting the rotor position,
the MSC controls active and reactive power, while the GSC guarantees a steady voltage across
the DC link. Due to its tiny size, the DC-link is often not utilized to absorb extra energy from
the machine side or inject energy into the grid side to restore voltage levels. Instead, it is used
to temporarily store energy for switching occasions. About 40% of the overall power output
normally passes through the converter [69].

Figure 11: Wind turbine Type III [31]

2.5.4 Wind turbine Type IV

The Type IV wind turbine is the most sophisticated one, consisting of a generator (either an
induction generator (IG) or a synchronous generator (SG) linked to the grid through a full con-
verter. It has superior fault ride-through capabilities than Type III since it is totally disconnected
from the grid. However, losses will be greater with Type IV since all current flows through the
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Figure 12: Wind turbine Type IV [31]

converter, necessitating higher ratings and hence larger switching and conduction losses. The
MSC, like Type III, modulates the rotating speed, while the GSC attempts to minimize reactive
power use while delivering active electricity to the grid. Currently, the SGmay be implemented
using either a wound rotor or a permanent-magnet configuration.

This Type is more widely utilized due to the capacity of permanent-magnet synchronous gen-
erators (PMSG) to self-excite, which results in a high power factor and efficiency. Another ben-
efit is that the gearbox can be removed with a PMSG, allowing it to go from a gearbox-driven
to a direct-driven WT. Because the gearbox is one of the components of a WT that needs fre-
quent maintenance, this improves operational dependability. The primary disadvantage of a
full-converter is that all current passes through it, which can be a concern in terms of protection
if subjected to transients. It is also more expensive owing to the requirement of a full power
converter [69]. Table 1 illustrates a brief comparison between different Types of wind turbines.
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Table 1: Comparison between different Types of wind turbine [36]

Indices TypeI TypeII TypeIII TypeIV
WT

concept Fixed Speed Limited Variable
Speed Variable Speed Variable Speed

Generator (SCIG) (WRSG) (DFIG) WRSG
PMSG

Grid
connection

Direct, Soft
starter and

capacitor bank
are required

Direct, Soft
starter and

capacitor bank
are required

Partial scale
converter

Full-scale
converter

Drive
train Gearbox Gearbox Gearbox Gearbox

Gearless
Speed
range ∼2% Slip ∼10% Slip +30% -30% Slip (0-1)Nrated

Blade
angle
control

Stall/Active
Pitch control

Stall/Active
Pitch control Pitch control Pitch control

Pros
Low cost

Robustness
Simple control

Low cost
Better performance

than TypeI

Ride-through
capability,

Active&reactive
control

Gearless(PMSG)
High efficiency

cons

Constant speed
High stress
No grid
support

Slip rings
Power loss
No grid
support

Slip rings
Complex control

High cost
Complex design

2.6 Grid stability
The short circuit ratio (SCR) or SCC is typically used tomeasure system strength. SCRmeasures
how much power the system can supply during failures in relation to the associated element’s
rating, while SCC measures how much power it can supply overall, the SCR equation is as
follows:

SCR =
SCP
Pn

(10)

Where SCP in (10) is short circuit power and Pn is the nominal power. A high voltage level and
a low Thevenin grid impedance are often correlated with a high fault current ratio compared
to load current, or rather, a high SCR. If the grid’s Thevenin impedance is low, a bigger change
in grid current is required to change the voltage at the generation terminal. A highly powerful
system normally has an SCR of 10, whereas a very weak system has an SCR of 1 [30].

2.7 The swing equation and inertia
The swing equation defines the dynamics of the machine’s rotor during acceleration and de-
celeration. The inertial response is defined as the power exchange between the machine’s rotor
and the grid. The rotor motion is determined by the [26]:

J
d2θm

dt
= Tm −Te = Ta(N.m) (11)
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Where J the is total moment of inertia, θm is the angular position of the rotor, Tm and Te are
mechanical and electrical torque respectively and finally Ta is the total accelerating torque. It
can be noted that when Ta is equal to zero electrical andmechanical torque have the same values
and the machine is in a steady state. The angular rotor position θm in qd frame is [26]:

θm = ωst +δ (12)

Where ws is the machine synchronous speed and δ is the rotor’s angle of variation from the
reference axis that rotates synchronously, expressed in mechanical radians. The derivatives of
(12) are [26]:

dθm

dt
= ωsm +

dδm

dt
(13)

d2θm

dt2 =
d2δm

dt2 (14)

Substituting (14) in (11), will provide [26]:

J
d2δm

dt2 = Ta = Tm −Te(N.m) (15)

And by taking into consideration of machine rotational speed as [26]:

ωm =
dθm

dt
(16)

By taking into account, torque times machine rotational speed equals power, so the product of
(15) and (16) will be [26]:

Jω m
d2δm

dt2 = Pa = Pm −Pe(W ) (17)

where Pm and Pe representingmechanical and electrical powerwhile Pa is the accelerating power
of the machine. Following is the inertia constant [26]:

H =
E

Mp
=

Jω2
s

2Srat aed
(18)

Where E represents the stored kinetic energy and Mp is the machine rating power. By substitut-
ing (18) into (15) following equation is obtained [26]:

2H
Srat ed

ω2
s

ωr
d2δ

dt2 = Pm −Pe = Pa (19)

Further, by assuming steady-state conditions, ωr may be replaced by ωs because the machine’s
angular speed and synchronous speed are the same. So, the ultimate swing equation is as fol-
lows [26]:

2H
ωs

d2δ

dt2 = Pm −Pe = Pa (20)

The essential equation that controls the rotational dynamics of the synchronous machine in
stability studies is (20), sometimes referred to as the swing equation of the machine.
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2.8 Permanent magnet synchronous machine (PMSG)
The efficiency of the permanent-magnet machine (PMSG) is better compared to the induction
machine since excitation is producedwithout any energy source. Because of their high efficiency
and power factor, numerous studies have advised that this kind be employed in off-shore wind
turbines; nevertheless, thematerials used to build PMSG are costly. In addition, a full-scale con-
verter is required in conjunction with the PMSG to adapt the frequency and voltage of genera-
tion to the point of grid connection, which is an additional expenditure, although the gearbox,
which is one of the major causes of failures, can be eliminated and power can be injected at any
speed [38]. The rotor of PMSGs is equipped with a permanent-magnet pole system and has a
winding stator. It can also have salient poles or be cylindrical. Salient poles may be the most
practical variant for a wind generator application since they are more prevalent in slow-speed
machines. The PMSG’s synchronous naturemight lead to issueswith voltagemanagement, syn-
chronization, and start-up. When there is an external short circuit or an unstable wind speed,
the synchronous operation also results in highly stiff performance. The fact that magnetic ma-
terials are temperature-sensitive and can lose their magnetic properties at high temperatures is
another drawback of PMSGs (e.g. during a fault). Therefore, a cooling system may be needed
and the rotor temperature of a PMSG must be monitored [2].

Figure 13: Details of PMSG connection for a Y configuration without neutral conductor [38]

Relation between voltage and current in PMSG can be written as [38]:

va
s

bc = rsias
bc +

d
dt

λ
a
s

bc (21)

Where va
s

bc is the stator voltage vector, ias
bcis the stator current vector, λ a

s
bc is the stator flux link-

age vector and rs is resistance of stator only for one phase. For sake of modeling the magnetic
circuit, the saturation nonlinearities will be disregarded in this case. However, even while ma-
chines with surface-mounted magnets may also be thought of as having inductances that are
independent of rotor position, a more general situationmust be taken into account to accurately
simulate the behavior of a machine with buried magnets. In such a model, the inductances are
taken into account as the following function of the predicted rotor angle [38]:

λ
a
s

bc = ([L1]+ [L2(θr)]ias
bc +λm

 sin(θr)

sin(θr − 2π

3 )

sin(θr +
2π

3 )

 (22)
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with:

[L1] =

Ll s +LA −1
2 LA −1

2 LA

−1
2 LA Ll s +LA −1

2 LA

−1
2 LA −1

2 LA Ll s +LA

 (23)

and:

[L2θ r] =−LB

 cos(2θr) cos(2θr − π

3 ) cos(2θr +
π

3 )
cos(2θr − π

3 ) cos(2θr +
π

3 ) cos(2θr)
cos(2θr +

π

3 ) cos(2θr) cos(2θr − π

3 )

 (24)

Where λm is machine flux linkage and LA is an inductance quantity that is independent of the
position of the rotor. LB is the maximum inductance value for a condition whose value varies
with rotor position. It should be noted that for salient pole magnets, LB is about zero. The
machine voltage can be rewritten as [38]:

va
s

bc = (rs[I3]+ωr
d

dθr
[L2(θr)])ias

bc +([L1]+ [L2(θr)]
d
dt
)ias

bc +λmωr

 cos(θr)

cos(θr − 2π

3 )

cos(θr +
2π

3 )

 (25)

Equation (25), which may be put in qd form to make equations easier to use and simplify cal-
culations, calls for a park transformer, the result by decoupling the zero sequence will be [38]:

vq
s

d =

[
rs ωr(Ll s +

3
2(LA +LB))

−ωr(Ll s +
3
2(LA +LB)) rs

]
iqs

d +

[
Ll s +

3
2(LA −LB) 0

0 Ll s +
3
2(LA +LB)

]

+
d
dt

iqs
d +λmωr

[
1
0

]
(26)

Because there is no neutral conductor in this situation, the total of the abc currents is zero, hence
there is no zero sequence current and just the qd subsystem equations must be addressed. The
equation for the generator’s torque, on the other hand, may be determined by computing the
mechanical power of the generator, PM, and dividing it by the mechanical speed. To calculate
mechanical power, multiply the stator voltage (25) by the rotor voltage, and the terms that do
not relate to joule effect losses and power stored in inductors are defined as [38]:

Pm = ωr{ias
bc}T d

dθr
[L2(θr)]ias

bc +λmωr{ias
bc}T

 cos(θr)

cos(θr − 2π

3 )

cos(θr +
2π

3 )

 (27)

By applying park transformation to this equation, in terms of the qd0 variables, it can be ex-
pressed as follows [38]:

Pm = ωr{ias
bc}T [Tqd

−1
0 (θ)]T

d
dθr

[L2(θr)][Tqd
−1
0 (θ)]iqs

d0 +λmωr{ias
bc}T [Tqd

−1
0 (θ)]T

 cos(θr)

cos(θr − 2π

3 )

cos(θr +
2π

3 )


(28)
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Then Pm will be [38]:

Pm = ωr{ias
bc}T

3
2 3LBcos2(θr −θ − π

2 )
3
2 3LBcos2(θr −θ) 0

3
2 3LBcos2(θr −θ) −3

2 3LBcos2(θr −θ − π

2 ) 0
0 0 0

 iqs
d0

+λmωr{ias
bc}T

 cos(θr −θ)
−sin(θr −θ)

0


(29)

This may be simplified further by defining the stator flux as [38]:

Pm =
3
2

ωr(λsisq −λsisd) (30)

where :

λ
q
s

d0 =

Ll s +
3
2 LA − 3

2 LB cos2(θr −θ) 3
2 LB cos2(θr −θ − π

4 ) 0
3
2 LB cos2(θr −θ − π

4 ) Ll s +
3
2 LA +

3
2 LB cos2(θr −θ) 0

0 0 Ll s

 iqs d0+λm

sin(θr −θ)
cos(θr −θ)

0

(31)

The torque equation is derived by multiplying this equation by the mechanical speed as [38]:

Tm =
3
2

P(λsd isq −λsqisd) (32)
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2.9 Power converters
The power converter circuit, which can adjust the generator’s frequency and voltage to the grid,
is necessary for some wind turbine types. Converter topologies have been devised in a variety
of forms, and each one has advantages and disadvantages. To enhance power quality and in-
crease voltage level, respectively, the majority of the suggested converters need line filters and
transformers. The expense of installing and maintaining turbines as well as building towers
is greatly increased by these large, heavy components. To reduce the size, weight, and price
of power converters, novel structures for converters have been developed as a result of recent
developments in power semiconductors and magnetic materials.

2.9.1 Diode rectifier based converter

A controlled inverter is used in this converter system to first convert a variable frequency and
variable magnitude AC power from the wind turbine generator to DC power. The DC power
is then converted back to AC power at a different frequency and voltage level. Power is trans-
ferred in a single direction, like from a generator to the grid, through a converter system based
on a diode rectifier (uncontrolled rectifier). Instead of an induction generator, this kind of
power converter is typically utilized in wind power production systems using wound rotor
synchronous generators (WRSG) or permanent magnet synchronous generators (PMSG). The
grid-side inverter in this converter system regulates the active and reactive electricity sent to the
grid. This converter system normally produces voltages between 380 and 690 volts [33].

GeneratorGear
Box

Rectifier InverterL

CQ

Figure 14: Diode rectifier based converter topology [33]

Advantages:

• Low cost

• Simple design and implementation

Disadvantages:

• Diode rectifiers generate a lot of harmonics which has a negative impact on the system

• Unidirectional power flow
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2.9.2 Back to Back converter

Back-to-back converter, consisting of two conventional pulse width modulated (PWM) voltage
source inverters, is the name given to the controlled rectifier and controlled inverter-based con-
verter. For the rectification phase, where the controlled rectifier replaces the diode rectifier with
a chopper circuit, it varies from the diode rectifier-based converter. The controlled rectifier al-
lows for bidirectional power flow, which is not feasible in a power converter system based on
diode rectifiers. Additionally, the controllable rectifier significantly lowers the harmonic losses
and input current harmonics. In order to improve the output power quality by lowering to-
tal harmonic distortion, the grid side converter controls the active and reactive power flow to
the grid and maintains a constant DC-link voltage. The generator side converter functions as
a driver, adjusting the generator’s optimum rotor speed and magnetization demand. The de-
coupling capacitor offers independent control capabilities for the two converters by separating
the grid side converter from the generator side converter [33]. It may be noted that the average
model based on a back-to-back converter was used for the methodology part of this study.

GeneratorGear
Box

Rectifier Inverter

C

Figure 15: Back to Back converter topology [33]

Advantages:

• Bidirectional power flow

• Fair costs

• To gain full control of the grid current, the DC-link voltage can be increased to a level
greater than the amplitude of the grid line-to-line voltage

• The capacitor between the inverter and the rectifier allows the control of the two inverters
to be decoupled, allowing for asymmetry correction on both the generator and the grid
sides.

Disadvantages:

• The presence of the large and massive DC-link capacitor raises the expenses and shortens
the system’s total lifetime

• Because the back-to-back converter has two inverters, the switching losses may be much
more noticeable
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2.10 Control systems of wind turbines

2.10.1 Grid-following versus Grid-forming

Normally, grid following control is used to integrate renewable energy sources into the grid.
This kind of control structure works by determining the angle of the grid voltage at the con-
nection point and then creating a current that supplies the appropriate amount of reactive and
active power to maintain a stable operation [48]. A phase-locked loop (PLL) accomplishes the
measurement and synchronization by locking the output signal to its input such that it matches
the frequency and phase of the input signal [8].

In real terms, itmeans that these converters need "adequate assistance" to deliver a stable voltage
to the grid, which is currently done by synchronous machines. Due to the frequency’s close re-
lationship to the rotor’s rotational speed, synchronous generators are grid-forming apparatuses
and may be utilized to supply a frequency reference to the grid under control. Grid-following
converters would not work if all synchronous devices were eliminated since the grid would not
have any frequency reference. Therefore, certain converters must be able to regulate the volt-
age. These converters, also known as grid-forming converters, guarantee the voltage waveform
of the grid will remain stable even during extremely brief time intervals [3].

A comparison between the above-mentioned topologies are illustrated in Fig. 16. In the grid-
following approach, the angle at the point of connection is determined using a PLL, together
with active and reactive power, and then the values in the current regulator are compared with
references, and the output is computed. In the grid-forming on the other hand, the active and
reactive powers are still measured at the point of connection, but the angle is derived from the
difference between the reference active power and the measured active power rather than being
measured there. Reactive power controller datamay be used to compute the voltagemagnitude,
and the computed angle can be used to determine the reference output voltage of the converter.

Reactive Power
Controller

Active Power
Controller

Current
Regulator

PLL

Converter
Filter

Grid
Impedance

POCV,I
Grid

V,I
Converter

econv*
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Typical structure for grid-following converter
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V,I
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θ
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Q*
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Econv
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Typical structure for grid-forming converter

Figure 16: Grid-following (left) vs Grid-forming (right)
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Table 2: Key differences between Grid-following and Grid-forming [66]

Type Grid-forming Grid-following
Function Supporting the grid Following the grid

Source behavior
from grid view Voltage source Current source

Set grid
voltage and frequency Yes No

Provide active and
reactive power via

voltage
Yes Just P&Q

Response Slow response due
to large inertia

Fast response to
the intermittent

Inertial response Yes No
Support weak grid

operation Yes No

Islanding Yes No
Fault ride-through To be improved Yes

As previously indicated, the switch to grid-forming converters opens the door to newprocesses.
However, grid-following control systems have been demonstrated to be effective formany years,
making them superior for particular operational regions. Table 2 lists some of the two control
approach features.

Active power must be transferred between the converter and the grid in order to provide vir-
tual inertia in grid-forming. For this to work, the control system must provide enough energy
to achieve the necessary inertia. The quantity of energy required depends on the characteriza-
tion of the inertial response, however, an energy storage device is often necessary to provide
adequate energy. Some grid-forming control structures are explained below.

2.10.2 Droop based with cascade control

The Fig. 17 shows the basic operating concept of the conventional power plants, which were
mostly equipped with SGs. Quantities f0 andU0 are the voltage and frequency nominal values.

U

Q

f

P
U = U - K (Q-Q )0 q 0

f = f - K (Q-Q )0 p 0

Figure 17: Droop characteristics
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The Fig. 17 demonstrates that in synchronous generators, active power and frequency as well
as reactive power and voltage have a direct relationship. For example, greater frequency calls
for more active power, while higher voltage requires more reactive power. The frequency and
Q loop of a grid-forming converter based on droop will attempt to emulate this behavior of an
SG. The block diagrams for the frequency and Q loops which may be called outer loops are as
follows in Fig. 18. In general, kp and kq which are the frequency and voltage drop will be set
5% and 10% respectively [58].

ω

P
KP

0

θ

1
Tms+1

P

0

U

Q
Kq

0

U

1
Tms+1

Q

0

Figure 18: Outer control loops in droop based control [58]

Figure 19: Full scheme of droop based converter with cascade control [19]

Considering Fig. 19, The frequency droop and Q loop, inner voltage control loop and inner
current control loop all form a cascaded structure in the controller. Equations (33) and (34)
describe how the controller calculates the instantaneous active power P and reactive power Q
in the qd rotating reference frame as well as measuring the filter capacitor voltage vo and output
current io. Then, the Q loop will supply the voltage reference (v∗0d) to the inner loop, and the
output of the frequency droopwill give the angle for all of the controller’s park and inverse park
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transformers [19].
P = v0d i0d + v0qi0q (33)

Q = v0d i0q − v0qi0d (34)

The current references in the qd frame for the current control loop are the outputs of the voltage
control loop, il∗d , and il∗q. The internal voltage reference in the qd frame for PWM control is
provided by the outputs of the current control loop, e∗i nvd , and e∗i nvq. Fast control of the inverter
filter capacitor voltage is ensured by the inclusion of the extra inner voltage and current loops.
If the voltage and current loop parameters are appropriately set, the filter capacitor voltage acts
nearly as a controlled voltage source. As a result, the design principle of this control strategy
is that it first approximates the inverter filter capacitor voltage to a controllable voltage source
via well-tuned voltage and current control loops; then, it regulates the angular frequency and
magnitude of the voltage based on the f and Q droops, respectively. The input references for
the voltage loop are v∗0d and v∗0q, while the qd frame components of the filter capacitor voltage
are v0d and v0q. The proportional and integral gains of the voltage control loop are kv p and kvi,
respectively. The qd frame elements of the inner current are ild and ilq. The proportional and
integral gains of the present control loop are ki p and kii. Fig. 20 shows the inner loop which
contains inner voltage and current control loops.

Figure 20: Inner control loops (a) Voltage controller (b) Current controller [19]

2.10.3 Virtual synchronous machine

The issues brought on by converter-connected sources are resolved by virtual inertia (VI)-based
converters. VI-based converters go by a variety of names, including synchronverter, virtual
synchronous machine, and virtual synchronous generator. Each idea originated from the SM’s
structure andmathematicalmodel [66]. Although there are slight variations among themall, all
of the control approaches promote the notion of running a converter similarly to a synchronous
machine [61]. Both the DC-link voltage and the grid frequency may be compared, as well as
the capacitance and the moment of inertia. Similar to the spinning inertia of SMs, the DC link
capacitor acts as a storage capacity for transient active power fluctuations. As a consequence,
when there is an imbalance between the AC power supplied to the network and the input power
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from the machine side, the DC-link voltage changes. If there is sufficient energy in the DC-link
capacitors, they can supply the short-term power required for inertia emulation. However, in all
cases, the DC link balancing power must originate from the device side (wind turbine, battery,
solar PV, supercapacitor, etc.) in order to maintain the DC link voltage within the operational
ranges required for the converter to function properly. The basis for all VI-based converters is
the swing equation (20). By regulating their output power during frequency disturbances, the
VI-based converters enable renewable energy sources to take part in frequency regulation. A
significant benefit over genuine SGs is the ability to select andmodify the operating parameters
(such as inertia, field inductance, mutual inductance, and friction coefficient). Three of themost
prevalent topologies of VI-based converters will be briefly discussed.

• VSM

VSM is based on synchronous machine emulation, with some minor modifications. The VSM’s
goal is to enable grid forming using frequency droop and VI. A phase-locked loop (PLL) is
commonly utilized for frequency estimation while driving the VI loop [39]. During normal op-
eration, the usage of PLL is avoided. It is because, following PLL startup, VSMmay synchronize
with the grid based on power balance. Fig. 21 depicts the VSM control hierarchy.

Figure 21: VSM control structure [66]

A mathematical model of an SG based on qd0 or synchronous reference frame is used in VSM.
It employs the park transformation to change the abc frame into qd0 and the inverse park trans-
formation to transform qd0 back into abc. In general, the park transformation makes the system
more complicated and increases the total execution time. The VSM operation steps are as fol-
lows:
1-The phase currents of the VSM are computed by measuring the voltages at the point of con-
nection (POC) with the grid.
2-The calculated currents are used to regulate a current-controlled converter.
3-The inverter is driven by the pulse width modulation (PWM) modulator.
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Benefits of this structure include conceptual simplicity, suppression of grid disturbances, and
use in stand-alone and micro-grid systems [66]. The PLL’s usage, which increases complexity,
and the park transformer’s prolonged execution time are the drawbacks.

• Virtual synchronous generator

Virtual synchronous generator or VSG is largely built on normal inverter hardware with a con-
troller that emulates an SG’s inertial reaction to frequency changes. The VSG control method
enables grid-connected converters to create VI [67]. The usage of VSGhas gained a lot of interest
since it has the same working mechanism as an SG and can provide a feasible scheme for grid-
connected renewables [44]. The capacity of the microprocessor to alter VI during frequency
change distinguishes VSG from SG. As a result, self-tuning algorithms are essential for varying
the VI to reduce frequency fluctuation. Compared to a traditional droop controller that offers
frequency regulation alone, VSG provides dynamic frequency control based on the derivative
of the frequency measurement. Before establishing a connection to the grid, VSG needs pre-
synchronization. Either a typical PLL or a phase angle regulator [41] can carry it out. The VSG
control scheme is as Fig. 22.

Figure 22: VSG control structure [66]

The general operations of a VSG are the following:
1-The processing unit that hosts the VSG algorithm collects a measurement of the grid voltage
at the (POC) and sends it.
2-The processing unit calculates the stator current of the VSG by using a synchronous machine
model.
3-Using the estimated reference current as a basis, the current controller sends the gate signal
to the inverter (Ire f ).

Fast reaction in tracking steady-state frequency is one of VSG’s benefits. Eddy current losses
and magnetic saturation are absent and the simplicity of implementation is as well. To mention
a number of negative ones, due to Park Transformation, the execution takes a long time. PLL-
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related instability, particularly in weak grids. Because it is not a grid-forming unit, it cannot be
used in islanded mode.

• Synchronverter

Similar to VSM, synchronverters are another sort of control that tries to imitate the actions of an
SG. This makes it simple to function as a grid-connected device inside the conventional system
while providing the capabilities of distributed generation and renewable energy [71], due to the
inverter’s foundation in the intricate swing equation, the synchronverter has the advantage of
inheriting all SG features. The inertia, friction coefficient, and field inductances are only a few
of the parameters that may be manipulated freely since an SG is implemented virtually, even
if some values are not possible to have in an SG. This increases the adaptability of the system
[60].

A voltage controller is required in conjunction with the energy storage to maintain a constant
DC-bus voltage. This may be achieved in one of two ways: by modifying the reference power of
the synchronverter or by altering the power flow inside the energy storage [71]. There would be
difficulties inmaintaining stable operation if no energy storage and voltage controller is installed
since there will be no physical means of either injecting or absorbing energy into the grid to
maintain frequency and voltage [60]. Despite being an inverter, it may experience over-and-
under excitation just as in the SG andwill behave in the sameway. The grid does not distinguish
between the virtual and actual SGs, which makes the integration of these inverters less difficult.
The technologicalmaturity of the control since it is similar to SG and because PLL is not required
are two advantages of this control technique. Additionally, without sufficient power reserves,
it might become unstable [66].

Figure 23: Synchronverter control scheme [72]
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3 Converter‘s controller components

3.1 Park and inverse park transformation
The park transformation or synchronous reference frame is used to ease calculations and control
of a three-phase AC rotating (abc frame) that needs to be converted to dc stable values (qd0
frame)[20]. The park transformation can be achieved by [20]:

[xqd0] = [Tqd0][xabc] (35)

xabc is a vector containing the three phase values in the abc frame, and xqd0 is a vector containing
the converted quantities in the qd0 frame and the transformation matrix T(θ) is as following
[20]:

T (θ) =
2
3

cos(θ) cos(θ − 2π

3 ) cos(θ + 2π

3 )

sin(θ) sin(θ − 2π

3 ) sin(θ + 2π

3 )
1
2

1
2

1
2

 (36)

And the inverse park transformation and its matrix can be written as [20]:

[xabc] = [Tqd0]
−1[xqd0] (37)

T−1(θ) =

 cos(θ) sin(θ) 1
cos(θ − 2π

3 ) sin(θ − 2π

3 ) 1
cos(θ + 2π

3 ) sin(θ + 2π

3 ) 1

 (38)

3.2 Phase locked loop (PLL)
A phase-locked loop(PLL) is utilized to obtain the angle and rotational speed of the grid. A
three-phase PLL is made up of a PI controller that controls the d-axis voltage component. The
controller’s output corresponds to the electrical grid’s angular velocity ωe, and the signal’s in-
tegration corresponds to the grid angle θe. Fig. 24 is an example of a PLL arrangement.

Figure 24: Diagram of phase-locked loop [20]
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The linearized model of a phase-locked loop can be seen in Fig. 25. The transfer function of the
mentioned system is as [15]:

1
SmE fK (s)

(S)Δ(S)Θ
Loop filter VCO

(S)Θ(S)Ω

Figure 25: Linearized model of phase-locked loop [15]

Hc(s) =
Θ̂(s)
Θ(s)

=
K f (s)Em

s+K f (s)Em
(39)

Hδ (s) =
∆(s)
θ(s)

=
s

s+K f (s)Em
(40)

Θ(s) , Θ̂(s) and ∆(s) are Laplace transform of θ ,θ̂ and δ respectively. The loop filter may be
designed using a variety of techniques. A popular method for balancing system stability with
filter performance is the second-order loop [23]. The second-order loop’s proportional-integral
(PI) type filter can be expressed as follows [15]:

K f (s) = Kp(
1

τPLL
+ s

s
) (41)

Where Kp and τPLL which is the time constant of the PLL, define the gains of the PI filter. By
rewriting (39) and (40) in general form, they will be [15]:

Hc(s) =
θ̂(s)
θ(s)

=
2ξ ωns+ω2

n

s2 +2ξ ωns+ω2
n

(42)

Hδ (s) =
∆(s)
θ(s)

=
s2

s2 +2ξ ωns+ω2
n

(43)

The control parameters of Kp (proportional gain), Ki (integral gain), and τPLL (PLL time con-
stant) are defined using the formulas below to construct a PLL [15]:

ωn =

√
KpEm

τPLL
(44)

ζ =

√
τPLLKpEm

2
(45)

Ki =
Kp

τPLL
(46)
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3.3 Current reference computation
The current references, i∗q and i∗d , which are symbols for active and reactive power, are necessary
for regulating and feeding the voltage modulation section. They may be deduced from the
instantaneous power theory. To obtain power equations first is necessary to write three-phase
voltages and current in qd form as follows [20]:

vqd =
vq − jvd√

2
(47)

iqd =
iq − jid√

2
(48)

The power of a three-phase system can be expressed as [20]:

S = P+ jQ = 3vqd iq∗d = 3(
vq − jvd√

2
)(

iq + jid√
2

) (49)

P =
3
2
(vqiq + vd id) (50)

Q =
3
2
(vqid − vd iq) (51)

Because the single frame PLL utilized in this study assures that vd is zero, iq and id may be
represented as follows [20]:

iq =
2
3

P
vq

(52)

id =
2
3

Q
vd

(53)

The estimated reference current has to be constrained in accordance with the converters’ phys-
ical constraints. Depending on the relative importance of active and reactive power, the restric-
tion might be applied differently:

• Granting priority to active power and supply reactive power when there is enough avail-
able current.

• Granting priority to reactive power and supply active power when there is enough avail-
able current.

• Keeping the angle between P and Q and decreasing them both equally.

3.4 DC voltage regulator
The existence of a DC voltage regulator is essential to maintain the voltage of the dc bus and
guarantee the balance of produced and injected power. The DC voltage regulator’s control
scheme is as follows:

This control structure, as shown in Fig. 26, produces the i∗q by comparing the E2∗ and E2 values,
which represent the capacitor energy reference and actual value, and a feed-forward PDC, which
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GcDC(S)
2
3Vzq
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E2 dc* P

iq*

Figure 26: DC voltage regulator [20]

is themeasured power before the capacitor. Overall reference converter power can be expressed
as [20]:

P∗ = P∗
c +PDC (54)

The DC voltage control may be designed using the control variable W = E2. In the Laplace
domain, the capacitor power PC may be represented as follows [20]:

Pc(s) =
1
2

sCW (s) (55)

For the GcDC(s) a PI controller can be utilised [20]:

GcDC(s) = K pDC +
KiDC

s
(56)

The closed-loop transfer function will be [20]:

W (s)
W ∗(s)

=
sK pDC +KiDC

1
2 s2C+ sK pDC +KiDC

(57)

Which (57) is the form of:
W (s)
W ∗(s)

=
2sξEωE +ω2

E

s2 +2sξEωE +ω2
E

(58)

Then PI controller gains will be [20]:

KpDC =CξEωE (59)

KiDC =
Cω2

E

2
(60)

where ξE is the intended DC voltage loop damping ratio and ωE is the desired voltage loop
angular velocity. It is significant to note that in order to guarantee steady system response, the
DC voltage loop must be substantially slower than the inner current controller.
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3.5 Current regulator (Grid-side)
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Figure 27: Equivalent model of AC side of a VSC [20]

The equivalent voltage equation of Fig. 27 can be written as [20]:vza

vzb
vzc

−

vla

vlb
vl c
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1
1
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
ia

ib
ic

+

ll 0 0
0 ll 0
0 0 ll

 d
dt

ia
ib
ic

 (61)

Where vza , vzb , vzc are the grid voltages in abc frame, vla , vlb , vl c are the converter voltages in
abc frame, ia , ib , ic are the instantaneous currents in abc frame. rl is the inductance equivalent
resistance and ll is the inductance value. The voltage difference between the converter and the
grid neutral is given by vl0−vz0 and in a three-phase balanced system, vl0−vz0 can be considered
as zero. By applying park transform to equation (61) and by taking into account vzd = 0 by PLL,
voltage equation will be [20]:[

vzq

0

]
−

[
vlq

vld

]
=

[
rl llwe

−llwe rl

] [
iq
id

]
+

[
ll 0
0 ll

]
d
dt

[
iq
id

]
(62)

As demonstrated in equation(62) there is a coupling between voltage and current qd compo-
nents. There are essentially two principal control strategies to manage iq and id :

• Multi-variable control, using a single two-dimensional controller to control both the d and
q components.

• Decoupling, controlling d and q independently which in this study is chosen to proceed.

In order to decouple q and d [20]:[
vlq

vld

]
=

[
−v̂lq + vzq − llweild

−v̂ld + llweilq

]
(63)

v̂lq and v̂ld are the results of the current controller and vlq and vld are the voltages that the con-
verter will deliver. By swapping (63) into (62) and isolating v̂lq and v̂ld there will be [20]:[

v̂lq

v̂ld

]
=

[
rl 0
0 rl

] [
iq
id

]
+

[
ll 0
0 ll

]
d
dt

[
iq
id

]
(64)



Wind turbine Type IV simulation with grid-following and grid-forming control Pag. 41

The transfer function between the controller voltages and converter currents may be obtained
using the Laplace transformation as follows [20]:

v̂lq(s)
iq(s)

=
1

ll s + rl
(65)

v̂ld(s)
id(s)

=
1

ll s + rl
(66)

Based on Internal Model Control technique the controller can be designed as [20]:

Gciq(s) = Gcid(s) =
Kps+Ki

s
(67)

And the constants are:
Kp =

ll
τ

(68)

Ki =
rl

τ
(69)

where τ is the electrical system’s closed-loop time constant. This constant must be determined
with the physical constraints of the converter in mind. It is standard procedure to define it ten
times quicker than the converter switching frequency.

3.6 Current regulator (Machine-side)
In a permanent magnet synchronous machine, the relationship between the voltage and the
current is expressed in equation (26). The q and d variables are connected in these equations,
and the dynamic response of the current is dependent on the mechanical speed of the machine.
To simplify the design of the current controller, a decoupling feedback is utilized, which both
decouples the q and d components and eliminates the dependent on the mechanical speed of
the machine, hence removing nonlinear dynamics [53]. To do this, a voltage is given to the
machine’s stator, which compensates for the coupling terms. This voltage can be expressed as
[38]: [

vsq

vsd

]
=

[
v̂sq +ωrLd isd +λmωr

v̂sd −ωrLqisq

]
(70)

Where v̂sq and v̂sd are the linear current regulator output. By considering ideal compensation,
dynamics are [38]:

v̂q
s

d =

[
rs 0
0 rs

]
iqs

d +

[
Lq 0
0 Lq

]
d
dt

iqs
d (71)

It should be highlighted that these equations are decoupled and no longer depend on mechan-
ical speed. As a result, they may be divided into two separate systems for q and d. These may
be transformed using the Laplace transform to produce the following transfer functions [38]:

isq

v̂sq
(s) =

1
Lqs+ rs

(72)

isd

v̂sd
(s) =

1
Lds+ rs

(73)
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By using the internal model control technique, the transfer function can be designed. So that
the steady-state error for step reference inputs is zero and the controller is causal, the pole of the
system is suppressed in this case by adding a matching zero to the controller transfer function
plus an integrator. The result of the closed-loop transfer function is [38]:[

isq(s)
isd(s)

]
=

 1
1
α

s+1
0

0 1
1
α

s+1

[
i∗s q(s)
i∗s d(s)

]
(74)

The controller transfer function is equivalent to that of a PI controller with the following transfer
function [38]:

K(s) =
Kps+Ki

s
(75)

Kp = αLq (76)

Ki = αrs (77)

where α is a design parameter proportional to the system’s bandwidth. A broad bandwidth
produces a rapid reaction, which is desired, but it also makes the system more sensitive to
feedback measurement noise and necessitates a greater bandwidth of the control action [38].
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4 Methodology
The implementation of the grid-connected voltage source converter and wind turbine and its
components, as well as other aspects of this study, should be done inMatlab Simulink alongside
PSCAD and other tools, with the findings described. The purpose of employing diverse soft-
ware is to observe and analyze the system’s behavior in different software. Both Simulink and
PSCAD are EMT simulation tools, however, the differences in fine details will be visible in this
study. To accomplish so, the intended circuit was developed by mentioned tools; the following
is a description of the procedure from the beginning to the end. To clarify, after consulting with
the supervisor, it was chosen to begin with the grid side and move on to the machine side in
subsequent phases.

4.1 Simulation in MATLAB/Simulink
An interactive, graphical platform is provided for modeling, simulating, and evaluating dy-
namic systems by Simulink, a MATLAB add-on product. It makes it possible to quickly build
virtual prototypes to quickly explore design concepts at any degree of detail. Simulink offers a
graphical user interface (GUI) for modeling that allows models to be built as block diagrams.
It features a vast library of prefabricated building components that may be assembled graph-
ically using drag-and-drop mouse actions. Instead of spending hours building a model in a
lab setting, the user is able to create one that is "up and running." It supports continuous-time,
sampled-time, and hybrid models of linear and nonlinear systems [63].

The alleged circuit is made up of two parts: a power circuit and a control circuit; according to
Fig. 28 a permanent magnet machine is linked to the machine side VSC, and the output of the
machine side VSC is connected to the DC bus, which is connected to the grid side VSC via a
capacitor. On the other hand, the grid side VSC is connected to the grid via filters. The two
controllers for regulating the converters are the control components; the following is a detailed
explanation of the entire model in Simulink.

Figure 28: General control overview [13]
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4.2 Wind Turbine Model
Thewind turbinemodel consists of awind turbine powermodel that reflects the power equation
of thewind turbine, alongside a pitch controller and amechanicalmodel known as the one-mass
model that reflects the turbine and generator shaft plus the inertia in the simulation, and an
MPPT that tracks the optimal load alongside with a permanent magnet synchronous generator
which is connected to the turbine shaft through a gearbox. Fig. 29 illustrates a general scheme
of the wind turbine model to be implemented in Simulink.

Pitch 
Controller

Wind Speed

Turbine Speed Turbine Torque

Generator Torque

One-mass
Model

Turbine Speed

Generator Speed

MPPT Torque Ref

Wind
Turbine
Power

Figure 29: General scheme of wind turbine model

Table 3 provides the wind turbine’s needed parameters, which will be implemented using the
script.

Table 3: Wind turbine parameters [2]

Parameter Value
Nominal power, Pn 5 MW

Nominal wind speed Vwn 14 m/s
Diameter, Dt 88 m

Transmission ratio of gearbox, N 80
Aggregated inertia, Jtot 9.104kgm2

Table 4: Coefficient power parameters [2]

Parameter Value
c1 0.73
c2 151
c3 0.58
c4 0.002
c5 2.14
c6 13.2
c7 18.4
c8 -0.02
c9 -0.003
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4.2.1 Wind Turbine Power Model

A wind turbine power model is created based on (7). Where variables, v wind speed, A area
swept by blades, ρ air density, and power coefficient as presented in Table 4 are taken into
account as inputs, and the output is the amount of power that the wind turbine will produce.
The following is the wind turbine power model structure to be implemented in Simulink.

Tip Speed 
Ratio

Cp
1/2 ρ A Ws

Power
Coefficient
Calculator

Pitch Angle

3 Turbine Power

Figure 30: Wind turbine power model

4.2.2 Pitch Angle Controller Model

The pitch angle controller is only activated when the wind speed is higher than certain val-
ues. In certain cases, increasing the produced power will overwhelm the generator and/or the
converter, making it impossible to manage the rotor speed. This keeps the rotor speed from
rising too high and causing mechanical damage. The ideal angle increases progressively with
increasing wind speed after the rated wind speed, the influence of the pitch angle on the power
coefficient is calculated using (4) and (5). The resultant number may be used to compute the
mechanical power collected from the wind using equation (7)[2].

The designed pitch angle controller is depicted in Fig. 31. It should be noticed that the pitch
angle does not change instantly, but rather at a limited rate, which may be rather low due to the
size of the rotor blades in current wind turbines. The highest rate of change of the pitch angle
is around 10 degrees per second [9] which is also considered in this study.

Wind Speed

Wind Speed
Ref

+_
PI

Rate
Limiter

Angle
Limiter

Pitch Angle

Figure 31: Pitch angle controller
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4.2.3 Shaft Model

The equation (11) should be used to determine a one-mass model for a wind turbine assuming
a completely stiff shaft, as has been stated in Section (2.7) the total accelerating torque is the
difference of mechanical turbine torque and the electrical generator torque. Simulink’s imple-
mented model of the one mass model is as Fig. 32. Bear in mind the total inertia value is shown
in Table 3.

Turbine
Torque +

_
Inertia

Gear-box
Ratio

Generator
Torque

1
S

Gear-box
Ratio

Turbine
Speed

Generator
Speed

Figure 32: One mass model

It is important to rigorously remember that the integrator’s starting condition in the Simulink
One mass model must be different from zero for the model to function in the following phases.
This is because the setup of the model makes the assumption that the turbine shaft is rotating
at the beginning of the simulation.

4.2.4 MPPT

According to the wind power equation (7), it is demonstrated that the speed of the turbine
must coincide with a certain value that relies on the speed of the wind in order to harvest the
greatest amount of power from thewind [38]. Due to local fluctuations in speed and distortions
brought on by the functioning of the wind turbine, measuring the wind speed precisely is a
challenging task. Owing to this, a variety of alternative control algorithms have been proposed
in the past to optimize energy extraction by performing the so-called maximum power point
tracking (MPPT) without the requirement of a wind speed measurement. The most basic and
well-known of these strategies, known as constant tip speed ratio control, is commonly used for
modeling speed control behavior in wind turbine power quality simulations. The constant tip
speed ratio control action may be determined as can be seen in equations below [13]:

T max =
Kc p

N
ωt2 (78)

Kc p =
1
2

ρAr3 c1(c2 + c6c7)
3e− c2+c6c7

c2

c2
2c4

7
(79)

The maximum torque may be obtained using the quadratic relationship of the turbine speed,
therefore the maximum torque obtained using the aforementioned equation (78) will serve as
the reference torque while also demonstrating the amount of active power reference to the VSC
controller in the machine side VSC.
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4.2.5 Permanent Magnet Synchronous Generator

The generator used for this study is a synchronous generator with a permanent magnet rotor,
according to the concept explained in Section (2.8). It is a three-phase machine with a rounded
rotor and constant magnetic flux, more necessary specifications are shown in Table 5.

Table 5: PMSG parameters [2]

Parameter Value
Synchronous nominal speed, ωn 2π50

Pairs of poles P 2
Stator resistance, Rs 0.01 Ω

d-component inductance, Ld 0.159 mH
q-component inductance, Lq 0.159 mH

4.3 Voltage source converter (VSC)
The chosen voltage source converter is a Simulink universal bridge block. It is a three-level VSC
with a DC voltage on one side and a three-phase alternate voltage on the other, the characteris-
tics are demonstrated in Table 6:

Table 6: VSC back-to-back [13]

Parameter Value
Nominal power Scn 5MVA

Nominal AC voltage Ucn 690V
Nominal DC voltage Vdc,n 1200V

Inductance of grid side VSC Lc 30.31µH
Resistance of grid side VSC Rc 0.95mΩ

Capacitor of DC bus Cdc 278mF

In the PMSG block in Simulink there is a reference port that has to be linked to a fictitious
reference; this port will be triggered by the controller which will be implemented and provide
control over the VSC. Consider the fact that, tomake this block function properly, it must receive
the control signal in p.u to provide the requisite voltage level at the output.

4.4 AC Voltage source
In order to perform the role of the grid in the circuit, a three-phase source block from Simulink’s
library was chosen. The characteristics are shown in Table 7.

Table 7: AC grid [13]

Parameter Value
Base power 5 MVA

Grid AC voltage, Ug 690 V
Grid frequency, fg 50 Hz
Short circuit ratio 5
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4.5 Converter‘s grid coupling filter
A RL filter was used in this study since it is necessary for power flow and decoupling in the
current regulator. The values of resistance and inductance are shown in Table 6 and they will
often be a ratio of the base impedance when designing a coupling filter. Resistance here is 1%
of Zbase, while inductance is 10% of Xbase [38]. The filter calculation is as follows:

Zbase =
V 2

c

Sc

Xbase =
Zbase

ωbase

Rc = ( 1%)Zbase

Lc = ( 10%)Xbase

(80)

4.6 DC bus
As depicted in Fig. 33, the buffer between the machine side and the grid side VSC is the DC
link. The DC capacitor is the sole component that is present in this area.

Figure 33: DC bus schematic [38]

The DC link capacitor is vital for controlling the power flow balance from the generator side
converter to the grid side converter; according to the (81), the transferred active power from the
DC-link to the AC grid has a direct relationship with the capacitor voltage [20].

CDC =
2τcScn

(V dc∗)2 (81)

According to Table 6, V dc∗ is set to 1.2 kV and the nominal power of converter Scn is 5 MVA, to
perform a proper response from the capacitor the time response τc is set to 0.04 s. It is important
to keep in mind that the capacitor must be initialized with the voltage reference value required
to execute the simulation.

4.7 Grid side VSC controller
The grid side VSC controller maintains the DC-link voltage and guarantees the balance between
power generation and power injection [73]. In this approach, the grid-side VSC is responsible
for active and reactive power while holding the dc voltage reference. The control structure of
the grid side VSC is as follows:



Wind turbine Type IV simulation with grid-following and grid-forming control Pag. 49

Figure 34: Grid side VSC control structure [20]

Grid-forming and grid-following inverters are two types of control methods used to integrate
renewable energy resources into power grids. They have certain commonalities but also have
some significant variances, making their relationship highly delicate and often opaque [40]. A
grid-following converter regulates the ac-side current and, using a phase-locked loop (PLL),
follows the phase angle of the existing grid voltage [61]. The control structure for grid-side
VSC for the simulation in Simulink is chosen to be grid-following.

The grid-side VSC control consists of the following components: PLL, park and inverse park
transforms, Q loop, Vdc loop, and current regulator, which all will be briefly presented next.

4.7.1 Phase Locked Loop

As mentioned in Section (3.2), a phase-locked loop (PLL) is used to calculate the angle and
angular rotational speed of the grid. Fig. 35 depicts the implemented PLL in Simulink. In this
case, the PLL will attempt to maintain vd = 0, and the error will be regulated in a PI controller
designed according to (44),(45) and (46) and will be added with the grid’s nominal angular
rotational speed, which has been determined up to this point, and integration of this value will
provide the angle.

Figure 35: Designed PLL in Simulink
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4.7.2 Park Transformation

The park transform and inverse park transform features have been detailed in Section (3.1). Park
and inverse park blocks were chosen to accomplish the above statement in Simulink. According
to Fig. 36, the input for park transform is voltage or current plus their angular speed θ, and
the outcome is the input in qd0 frame. In this modeling, the voltage and current are received
through grid-side voltage and currentmeasurements, and the angular speed from the PLL feeds
the input, resulting in a qd0 frame intake. In the case of the inverse park transform, the input is
a qd0 frame of voltage or current, and the output is an abc frame.

Figure 36: Park and Inverse park transform blocks

4.7.3 DC Voltage regulator

The dc voltage regulator, as specified in Section (3.4), maintains the dc bus voltage while en-
suring power flow; the structure to be implemented in Simulink is shown in Fig. 37. Worth
to mention, the speed of the PI controller of the dc voltage regulator must be at least 10 times
slower than the speed of the current loop to avoid interactions.

Vdc Ref +
_

Vdc

PI
3v

q2

q

i*

Figure 37: DC voltage regulator in Simulink

4.7.4 Q Loop

The purpose of the Q loop is to produce a reference id∗ value that is representative of the re-
active power in the control structure. To achieve so, according to the (53) and (51) id∗ will be
determined as illustrated in Fig. 38.

Q Ref +
_

Q

PI
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Figure 38: Implemented Q Loop in Simulink
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4.7.5 Current regulator

The presence of a current regulator is due to voltage modulation and decoupling of the grid
and converter voltages as expressed in Section (3.5), which is made feasible by (63). The cur-
rent regulator will be made according to the structure as depicted in Fig. 39. It is possible to
determine the values of proportional and integral gains using (68) and (69).
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Figure 39: Current regulator structure [20]
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4.8 Machine side VSC controller
In basic terms, the machine-side VSC is responsible for managing the injected active power to
the system; to do so, a control structure proportional to the machine’s power must be designed
and implemented. To construct the machine-side current controller, reference parameters such
as isq∗ and isd∗ must be determined in addition to the rotor speed and its position, and even-
tually, real values of the machine’s current and voltage will be delivered to the converter after
performing the park transform.
This controller contains similar components to the grid-side controller, such as park and inverse-
park transforms and Qloop, but the main difference is that in the grid-side controller, the angle
and rotational speed are determined by the PLL, whereas on the machine side, these values
must be obtained from the machine. Park and inverse park transformers will function normally
if the rotational speed and angle values are met.

4.8.1 Angular and rotational speed measurement

The mechanical speed will be received from the machine, and because the machine has two
pair poles, the synchronous speed in the stator will equal the product of the mechanical speed
and the pair poles. Setting an integrator to synchronous speed will be enough to obtain the
machine’s angle.

Figure 40: Machine angular and rotational speed measurement

4.8.2 Current reference calculation

To identify the current references, similarly to the grid-side, the d component of the current will
be derived from the Q-loop, but the q component, which will be representative of the machine’s
actual power, must be determined from the torque reference. The generator torque equation
(32) has been deduced by calculating the generator’s mechanical power and dividing it by the
mechanical speed in Section (2.8). In this simulation, the optimal torque value is sent from the
MPPT, and by taking into consideration the (32) iq∗ can be calculated. To derive iq∗ from the
(32), iq must be isolated in that equation since machine torque has a direct relationship with
flux (λ) and pole pairs (P). This is done by Simulink blocks as shown in Fig. 41:

Figure 41: Current reference computer
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4.8.3 Current regulator (Machine-side)

The machine-side voltage modulation and decoupling are carried out via the machine-side cur-
rent regulator. The machine side current regulator, which is based on (70) and demonstrates
how voltage qd components are decoupled, is described in Section (3.6). Although there won’t
be a filter between the machine’s side VSC and the actual machine, internal machine character-
istics like stator resistance and stator inductance are crucial for controller design. The current
regulator for the machine side controller is as follows:
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Figure 42: Machine-side current regulator
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4.9 Simulation in PSCAD
Onegoal of this study is to analyze the implemented system inmultiple software, one ofwhich is
PSCAD, which is commonly used these days. Time domain simulation software called PSCAD
(Power Systems Computer Aided Design) is used to study transients in electrical networks. It
is a set of applications that provide electromagnetic transients software with a graphical, Unix-
based user interface (EMTP). It also is referred to as PSCAD/EMTDC. Since its first develop-
ment in 1976, EMTDC (Electromagnetic Transients with DC Analysis) has undergone contin-
uous scope and capability expansion. It is a crucial component of PSCAD since it establishes
the simulation software that comes with PSCAD with its library of power system component
models and processes. Together, they offer a quick, adaptable, and precise answer for the time-
domain program that is effective for modeling a range of electrical power system transients
and control networks. The power system’s and its controllers’ differential equations are solved
in the time domain by PSCAD. The findings are computed as instantaneous values in time, but
the real RMSmeters and/or FFT spectrum analyzersmay transform these to phasormagnitudes
and angles [49].

The same process as with the Simulink model has been used to simulate the wind turbine Type
IV in PSCAD, but with consideration for the variations between the two programs. The blocks’
implementation will be developed in accordance with the differences between the master li-
braries’ blocks in PSCAD and Simulink. Similar to the Simulink model, this model consists of
a power circuit, a control structure, and a model of a wind turbine. Each of these components
is described.

4.10 Wind turbine model in PSCAD
The PSCAD master library is where the wind turbine model for this part was obtained from.
In addition, power coefficient values are attained from Table 4 along with the wind turbine
data in Table 3. The wind turbine block in PSCAD offers two settings for the block’s existing
power coefficient, but it also takes external Cp values based on user preference, and in this
study, the external input option is used. Cp values according to Table 4 were given by building
components in the PSCAD area. Furthermore, as this wind turbine employs p.u values, similar
to the majority of the PSCAD master library, multiplications and divisions are needed in order
to per-unitize or convert the numbers to SI units.
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Figure 43: Wind turbine model in PSCAD
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The pitch angle controller is identical to Simulink and is as follows:

Figure 44: Pitch controller in PSCAD

To provide more realistic conditions for the wind turbine model, a wind source block from
PSCAD’s Master library is selected, as illustrated in Fig. 45. This block simulates the wind
speed that would usually blow in nature. It is made up of four parts and is described by the
(82); further data can be found in [4].

Figure 45: Wind source block in PSCAD

VW =VW B +VW G +VW R +VW N (82)

Where:
VW B = base wind velocity
VW G = gust wind component
VW R = ramp wind component
VW N = noise wind component

4.11 Power circuit in PSCAD
Similar to Simulink, PSCAD’s power circuit consists of a PMSG, voltage source converter’s ma-
chine side and the grid side, as well as a dc link connecting them, a converter coupling filter,
and the grid but the contrasts are:

• The permanent magnet synchronous machine in PSCAD is different from the Simulink
block by characteristics, hence the equal behavior and outcomes cannot be taken into ac-
count.

• Since there is no way to establish the initial value for the capacitor block in PSCAD, the
capacitor is charged shortly using a dc voltage source.
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• Although PSCAD’s master library contains a three-phase source block, the author chose
to use the grid Thevenin equivalent. To point out that the grid following model operates
properly with both grid blocks, indicating that the control is effective.

• Due to the requirement to simulate faults, a chopper with a breaking resistor has been
placed in the dc-link in this model.
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Figure 46: Power circuit of Type IV wind turbine in PSCAD

The PMSG is connected to the grid through a full-scale converter, as is seen in Fig. 46. In PSCAD,
the PMSG can be set up at startup so that it runs as an ideal source for a predetermined period,
then switches to a machine whose torque value is derived from a wind turbine immediately
after. This is the rationale for the timer that is seen on the right side of Fig. 46. As previously
stated, the existence of the timer up to the dc link is to count the time until the dc source breaker
is disconnected from the circuit.
The PMSGmachine first acts as a voltage source for two seconds, atwhich point it begins to inject
wind power into the capacitor, which is ready to raise its voltage, via the dc link. However, the
grid-side converter instead absorbs that power and injects it into the grid. The controllers on
both sides are responsible for carrying out this operation.

4.12 DC-Chopper
A DC-chopper is a resistance circuit coupled in parallel with a DC-link capacitor between the
grid-side converter and machine-side converter. By absorbing transitory stator over current,
a breaking resistor is employed to sustain the DC-link voltage [27]. The DC chopper circuit’s
insertion and discharge times are controlled by the insulated gate bipolar transistor (IGBT),
which is connected in series with resistors. Every time there is a grid fault, the stator current
will quickly increase, charging the DC-link capacitor and causing the DC-link to over voltage.
The IGBT should be closed to short the connection using breaking resistors when the DC-link
voltage surpasses the threshold value [47]. Therefore, the DC-link voltage may be changed to
a suitable value.
The IGBT switch is activated as illustrated in Fig. 47 when the dc-link voltage exceeds the nom-
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inal value and remains on until the dc-link voltage is equal to or dips below the nominal value.
It is important to note that the resistor value varies depending on the amount of power being
wasted and the dc voltage.

DCPchpr

DCNchpr

Edc
GP

Edc GP

Ic
h
o
p
p
e
r

+

R
c
h
o
p
p
e
r

[ Pchopper ]

[ VdcMin ] N

D

N/DX2
Rchopper

5 5

N

D

N/D EdcChpr

[ Pchop ]
Pchop_m

*

Ichopper X2

Rchopper

*

1.2

1.2

DCPchpr

DCNchpr

Edc
GP

Edc GP

Ic
h
o
p
p
e
r

+

R
c
h
o
p
p
e
r

[ Pchopper ]

[ VdcMin ] N

D

N/DX2
Rchopper

5 5

N

D

N/D EdcChpr

[ Pchop ]
Pchop_m

*

Ichopper X2

Rchopper

*

1.2

1.2

Figure 47: DC-Chopper model in PSCAD

4.13 DC voltage support
To keep the dc-link voltage in the range, it is important to employ a support dc voltage in GFOR
control. This is because there is no controller to regulate the dc voltage, so the voltage of the dc
bus might vary and be unstable. An ideal dc source is considered in this research to support
the dc-link, but it will not be permanently linked; instead, a system similar to the chopper is
considered, and instead of connecting when the voltage increases, it will connect when the
voltage tends to decrease less than the nominal value. Fig. 48 shows the dc voltage support.

N

N_2

Edc
GP

Edc

GP

Ic
ho
pp
er

5 5

N

D

N/D EdcChpr1.2

1.2

R
=
0V

N

N_2

Edc
GP

Edc

GP

Ic
ho
pp
er

5 5

N

D

N/D EdcChpr1.2

1.2

R
=
0V

Figure 48: DC voltage support model in PSCAD



Pag. 58 UPC

4.14 Grid-side controller in PSCAD (GFOL)
The grid-side controller in PSCAD follows the same procedures as the Simulink model and is
composed of the current loop, PLL, Qloop, DC voltage regulator, and park and inverse park
transformers. Park and inverse park transformers, Qloop, and the values provided for their
structures and functions in the Simulink model will not be duplicated here; however, PLL, the
DC voltage regulator, and the current loop have certain modifications specific to the PSCAD
software that will be discussed.

4.14.1 PLL model in PSCAD

Although the master library contains a PLL block, the author opted to create PLL using blocks
as illustrated in Fig. 49. To highlight, the control computations are the same as the model in
Simulink.
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Figure 49: PLL designed model in PSCAD

4.14.2 DC voltage regulator in PSCAD

As previously mentioned, the dc voltage regulator controls the dc bus voltage to guarantee
that the injected power from the machine side controller is delivered to the grid properly by
providing the iq∗ reference [20]. The difference between the PSCAD dc voltage regulator and
Simulink relates to the dc link capacitor block, which has been reported as having no initial
voltage value setting options unlike the capacitor in Simulink. To solve this, a dc voltage source
was established for 0.3 seconds. The timing before the PI controller is set to 0.3 seconds, as can be
seen in Fig. 50, to guarantee that the capacitor will charge appropriately. Values of proportional
and integral gains for the PI controller are equal to the Simulink model.
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Figure 50: DC voltage regulator in PSCAD

4.14.3 Grid-side current regulator in PSCAD

The following is how the grid-side current regulator, which is in charge of decoupling the grid
voltage, is built in the PSCAD, to mention it is made by taking into consideration (63).
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Figure 51: Grid-side current regulator in PSCAD
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4.15 Grid-side controller in PSCAD (GFOR)
The grid-forming control for the converter’s grid side will be detailed in this Section. A voltage
controller, a current controller, a frequency or active power droop, and a voltage droop or reac-
tive power droop comprise the grid-forming control based on cascaded control in addition to
an LCL filter as stated in Section (2.10.2). Each will be discussed further below.

4.15.1 LCL filter

The LCL filter, which consists of an inductor, a capacitor, and a transformer, was chosen for the
grid-forming simulation controller in this simulation. LCL filters are typically used in systems
with low voltage magnitudes and 2-level or 3-level VSCs. The capacitor’s presence is intended
to decrease harmonic injection. The considered values for the filter are as follows:

Zbase =
V 2

c

Sc

R(pu) = ( 1%)Zbase

X(pu) = ( 15%)Zbase

C(pu) = ( 15%)Zbase

(83)

4.15.2 Voltage controller

The fundamental objective of this controller, which regulates grid voltage in the qd frame, is to
repel disturbances. Large disruptions like a shift in power or the disconnecting of a generator
might have an impact on the system. If these conditions occur, the grid-forming control should
operate as a voltage source. The control must therefore reduce the fluctuations. The method of
calculating controller values is as follows:

Kp(v) = 5.5
In

Vbase

Ki(v) = 200
In

Vbase

(84)

4.15.3 Current controller

The current controller’s control approach in a cascaded control is the internal model control
(IMC), which uses two PI controllers plus a decoupling loop to track the current in a time set.
It is analogous to the grid-following current regulator. Equations (68) and (69) may be used to
determine the proportional and integral constants of the PI controller while τ = 1ms, however,
in this case, new filter values must be taken into account. A full scheme of the inner controller
of the grid-forming controller is illustrated in Fig. 52.
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Figure 52: Inner loop controller of the GFOR converter in PSCAD

4.15.4 Active power droop

The converter’s phase and the power exchanged are controlled by the active power droop. The
swing equation or a power frequency droop can be used for this control. This control includes
virtual inertia, which enables the injection of instantaneous power when there is a change in the
frequency or phase of the grid. The implemented active power droop in PSCAD is illustrated
in Fig. 53. It should be highlighted that it works by comparing the converter’s output power to
the reference value while the transfer function block represents the virtual inertia, multiplying
the error by droop gain, and increasing or decreasing the converter’s frequency.
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Figure 53: Active power controller of the GFOR converter in PSCAD
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4.15.5 Reactive power droop

The reactive power droop serves as a voltage reference provider for the voltage controller in that
the difference between the converter’s measured output reactive power and the reactive power
reference is multiplied by the droop gain, which causes the voltage reference to be increased or
decreased.
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Figure 54: Reactive power controller of the GFOR converter in PSCAD
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4.16 Machine-side controller in PSCAD
The Machine-side controller’s control structure in PSCAD is created using the Simulink model
that is currently in use. It consists of a current reference computer, Qloop, a park, an inverse park
transformer, and rotational speed measurement. The author chose to synchronize the machine
model first before implementing the controller since creating this controller is quite challenging
due to the difference between the permanent magnet machine in PSCAD versus Simulink.

4.16.1 Rotational speed measurement in PSCAD

Since the PSCAD permanent magnet machine delivers speed in p.u., conversion is required. As
demonstrated below, the machine’s output speedmeasurement will multiply by the generator’s
nominal speed before being multiplied in pair poles to produce the machine’s synchronous
speed. To mention that the park and inverse park transformers will receive the rotor’s angle
directly from the machine output, so no conversion is required there.
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Figure 55: Rotational speed measurement in PSCAD

4.16.2 Current reference calculation in PSCAD

The active and reactive current reference i∗q and i∗d computer in PSCAD is implemented similarly
to Section (4.8.3) and it sketched in Fig. 56. Since PSCAD functions with values such as kV and
kA so obtained i∗q must be in kA as well.
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Figure 56: Machine-side current reference computer in PSCAD
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4.16.3 Machine-side current regulator in PSCAD

The machine-side current regulator decouples the voltage qd values as stated in Section (2.8)
and to build that model in PSCAD, similar steps as Section (4.8) were taken into consideration.
It is demonstrated in Fig. 57.
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Figure 57: Machine-side current regulator in PSCAD
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4.17 Automatic initialization in PSCAD
In MATLAB/Simulink, all that is needed to run and simulate the model is to deliver the data in
the workspace and read those data in the Simulink area; however, in PSCAD, this must be done
using Python, a programming language that is frequently used nowadays which can receive
data and send them to PSCAD.

The main objective of the automatic initialization of wind turbine Type4 is to prepare all of the
data in the Python area and then, by pressing the run button, all of the data will be sent to
PSCAD and the simulation will begin to run and give the results. However, in the case of IEEE
9-bus, in addition to providing data for a wind turbine, the Python code must also be able to
read data from PSSE raw files or any results from any other power flow software and send those
data to PSCAD.

4.17.1 Providing wind turbine model‘s data

For thewind turbinemodel, PSCAD requires the following parameters: wind turbine character-
istics, PMSG, grid, dc-link, converter, and its control. The parameters of a wind turbine to show
as an instance, such as air density, turbine power, blade diameter, and others, are presented, as
can be seen in the example below.

#Defining parameters of the Wind turbine
rho =1.225 #Air density in (kg\m^3)
Pn=5 #WT nominal power in (MVA)
rt=44 #WT diameter in (m)
wrat =314.1592 #WT nominal mechanical speed in (rad\sec)
A=math.pi*rt**2 #Rotor area in (m^2)
Gr=80.1 #Gearbox ratio
Ge=1 #Gearbox efficiency in (pu)

4.17.2 Reading the data from power flow results

PSSE, Digsilent, Matpower, and other software can be used to performpower flow. In this study,
it was chosen to utilize PSSE raw file format, which can be created by PSSE software and also
retrieved with the same format via Matpower, which is used in this case because of the ease of
access to MATLAB as compared to PSSE.

The method is to execute the power flow code in MATLAB, which will produce the power flow
results of the IEEE 9-bus as "case9," and then store the results in PSSE raw file format, which
can be utilized by Python code to apply into PSCAD. After saving the data in raw format, the
data for each component may be acquired and assigned using Python’s "grg pssedata" package,
which reads and splits the raw file data. An example code for dividing and assigning raw file
data in Python is displayed below.

#Defining Generators parameters from raw file
vt1=(data.buses [0].vm) #Initial voltage magnitude of G1
vt2=(data.buses [1].vm) #Initial voltage magnitude of G2
vt3=(data.buses [2].vm) #Initial voltage magnitude of G3
ph1=(data.buses [0].va) #Initial phase angle of G1 in (radians)
ph2 =(( data.buses [1].va )*0.0174533) #Initial phase angle of G2 in (radians)
ph3 =(( data.buses [2].va )*0.0174533) #Initial phase angle of G3 in (radians)
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pg1=(data.generators [0].pg) #Initial active power of the G1
pg2=(data.generators [1].pg) #Initial active power of the G2
pg3=(data.generators [2].pg) #Initial active power of the G3
qg1=(data.generators [0].qg) #Initial reactive power of the G1
qg2=(data.generators [1].qg) #Initial reactive power of the G2
qg3=(data.generators [2].qg) #Initial reactive power of the G3

As can be seen from the code above, the "grg pssedata" package names each column of data
before printing the data required by calling the appropriate row number. The voltage of the
generator, for instance, is available in the bus data section and the generator data section of the
raw file. The voltage column is then given the name "vm" by the mentioned package, and all
that is left to do is to write the number of the row, which in this case is 0 and denotes the first
raw of data.

4.17.3 Sending the data to PSCAD model

Once all of the necessary data has been prepared, it can be sent to PSCAD. The Type IV wind
turbine model alone and the Type IV wind turbine model coupled to the IEEE 9-bus system
were the two models in this study that were initialized using the same technique. Due to the
solo wind turbine model’s inclusion in the IEEE 9-bus example, the wind turbine Type IV ini-
tialization will also be addressed while discussing the IEEE 9-bus case.

The library mhi.pscad, which is compatible with PSCAD version 5.0.1, is utilized in conjunction
with Python version 3.7 for this study. It is necessary to manually get each component’s id in
the PSCAD area in order to be able to send data to PSCAD components. In order to achieve
this, Python will collect the data from the PSCAD model’s primary canvas using the Canvas
function, and after assigning the data as described in Section (4.15.2), the data will be sent to
PSCAD. Here is an illustration of how Python combines the elements and the data.

# Get the "Main" canvas
main = project.canvas(’Main’)

#Getting Generators Datas
G1 =project.component (148919121)
G2 =project.component (1869282479)
G3 =project.component (1614675867)
# Sending Generators datas
G1.parameters(VT=vt1 ,Pheta=ph1 ,P0=pg1 ,Q0=qg1)
G2.parameters(VT=vt2 ,Pheta=ph2 ,P0=pg2 ,Q0=qg2)
G3.parameters(VT=vt3 ,Pheta=ph3 ,P0=pg3 ,Q0=qg3)

To demonstrate how to retrieve manually the component id, Fig. 58 illustrates the G1 id, which
is also used in the code above. To obtain the attribute of each component, simply right-click on
the component icon and choose attributes.



Wind turbine Type IV simulation with grid-following and grid-forming control Pag. 67

Figure 58: The attributes of the Generator 1

4.18 IEEE 9-bus system
The IEEE 9-bus system is chosen in order to assess the behavior of the system by connecting the
built wind turbine to it while the wind turbine Type IV is linked to the network. Fig. 59 shows
the IEEE 9-bus schematic.

Figure 59: IEEE 9-bus system [1]

In a power system, there are three types of buses, Slack, PV, PQ. Each will be briefly explained.



Pag. 68 UPC

• Slack bus

The purpose of the slack bus is to balance the active and reactive power in the system. It is also
referred to as the Reference Bus or the Swing Bus. The slack bus, which its angle is considered
at zero degrees, will act as an angle reference for all other buses in the system. At the slack bus,
the voltage magnitude is similarly assumed to be 1 p.u. Due to the fact that active and reactive
power won’t be known for sure until the final solution is determined, the slack bus supplies or
absorbs active and reactive power to and from the transmission line to compensate for losses.
The only bus for which the system reference phase angle is known is the slack bus. A generator
bus with the highest active power serves as the slack bus if a slack bus is not specified [54].

• PV Bus

The active power and voltage magnitude are defined in this type of bus which is commonly
referred to as a Generator Bus. For buses that are generators, the active power and voltage are
indicated. These buses feature a continuous power production that is regulated by a prime
mover, as well as a constant bus voltage [54].

• PQ Bus

Real power and reactive power for PQ or load buses are known, but bus voltage magnitude and
phase angle are unknown. The bus voltage should be determined using power flow analysis.
The voltage at the load bus may vary approximately to 5% [42].

Figure 60: IEEE 9-bus system in PSCAD

As can be seen in Fig. 60, the IEEE 9-bus system consists of 3 generators, 3 loads, 6 power lines, 3
transformers, and 9 buses. Normally after running the power flow, the resultsmust be compared
with results in software such as PSSE, Matpower and etc in order to be sure about the model
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Table 8: Terminal conditions of IEEE 9-bus system

BUS V[pu] D[deg] P[pu] Q[pu]
1 1.04 0 0.7163 0.2791
2 1.025 9.3507 1.63 0.049
3 1.025 5.142 0.85 -0.1145

Table 9: Transmission line characteristics of IEEE 9-bus system

From Bus To Bus R[pu\m] X[pu\m] B[pu\m]
4 5 0.01 0.0680 0.176
4 6 0.017 0.092 0.158
5 7 0.032 0.1610 0.306
6 9 0.039 0.1738 0.358
7 8 0.0085 0.0576 0.149
8 9 0.0119 0.1008 0.209

Table 10: Load characteristics of IEEE 9-bus system

BUS P[pu] Q[pu]
5 1.25 0.5
6 0.9 0.3
8 1 0.35

has been built properly. The required parameters are illustrated in Tables 8, 9, and 10.

In the IEEE 9-bus benchmark model, as shown in Fig. 60, the generators are configured as volt-
age sources rather than synchronous generators. To achieve more realistic results, it has been
decided to replace the voltage sourceswith synchronous generators, the characteristics ofwhich
will be discussed.

• Synchronous Machine in PSCAD

The selected synchronous machine in PSCAD is demonstrated in Fig. 61. It is constituted of
a generator, steam turbine, exciter, and governor. The exciter controls voltage in synchronous
machines, whereas the governor controls the frequency. Additionally, the steam turbine and
governor are selected from the master library and connected to the synchronous machine.

• Exciter

In a generator, the exciter’s primary function is to supply a stationary spinning magnetic field
that is used to generate a voltage in the armature coil. Therefore, the exciter which is just a
coil receives DC power and generates a magnetic field. A revolving magnetic field that cuts the
stationary armature coils and induces a voltage in the stationary armature coil will be available
if amechanical supply is provided to the exciter. The exciter is a tiny generator that is positioned
on the same shaft as the main generator and generates DC power for the field winding of the
main generator. There are many different types of exciters, but the brushless exciter is currently
the most common. An IEEE standard exciter which is referred to as DC1C with a regulator
value of 50 is chosen from the PSCAD master library for this simulation [64].
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Figure 61: Synchronous machine in PSCAD

• Steam governor

The process of managing the steam flow rate to a steam turbine in order to keep its rotational
speed constant is known as steam turbine governance. A steam turbine’s performance may
be greatly impacted by changes in load while it is in operation. There is always a significant
deviation from the desired performance of the turbine in a practical setting because the load
regularly deviates from the designed or economic load. Maintaining a consistent rotational
speed when operating a steam turbine is the key goal, regardless of how the load changes. It is
possible to do this by controlling a steam turbine [34].
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5 Results and discussion

5.1 Simplified models results

5.1.1 Results of wind turbine model in Simulink (GFOL)

In this section, the findings of the wind turbine Type IVmodel which was built in Simulink will
be illustrated and explained. Firstly, the variation of wind speed and pitch angle and power are
depicted in Fig. 62.

0 1 2 3 4 5 6 7 8
0

10

20

m
/s

Wind Speed
WindSpeed

0 1 2 3 4 5 6 7 8

0

10

20

D
eg

re
es

Pitch angle
Pitch angle

0 1 2 3 4 5 6 7 8
Time (s)

0

5

10

P
ow

er
 (

M
W

) Generator Power
Power

Figure 62: Wind speed, pitch angle and power variation

As shown in Fig. 62, the wind speed is increased from 6m/s to 20 m/s and then decreased to 16
m/s in order to examine the performance of the wind turbine. While the turbine injects active
power properly during the first three seconds, the pitch angle is zero, which means there is no
power curtailment. However, in the second three, when the wind speed increases to 14 m/s,
the pitch angle activates and controls the power in order to keep the machine operating at its
nominal levels. The pitch angle increases to about 15 degrees between four to six seconds when
the wind speed is at 20 m/s, which that is relatively a high value compared to the nominal wind
speed. It is important to note, even so, that when the wind speed rises to 20 m/s, the pitch angle
reaction is much slower than the wind speed spike, so power can exceed the nominal value in
less than a second. This problem can be resolved by the presence of a current limit in the dc
link which in this model is not considered. It is clear from focusing on 5 to 6 seconds that the
pitch angle retains power below 5 MW, which is the desired behavior. The wind speed then
decreases by 16 m/s, causing the pitch controller to ease off by 8 degrees, so reducing the power
curtailment.
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Figure 63: Variation of grid-side power, voltage, current

According to Sections (3.3) and (3.4), the dc voltage regulator is responsible for injecting active
power, and Q-loop is in charge of injecting reactive power. Although the reference value for re-
active power in this simulation is set to zero, some reactive powerwill still be injected during the
active power exchanges, which is acceptable. The active injected power is significantly reliant
on wind power, as can be observed in Fig. 63, and its variation demonstrates this. As previously
stated, the control framework for this simulation is grid-following, therefore this wind turbine
will operate similarly to a PQ bus and only inject its active and reactive power. As a result, it
cannot impose its own voltage. As observed in the converter voltage graph, the PLL keeps the
voltage level at the grid level while the only variable is the current in line with the machine
side’s active power generation.

The relationship between wind speed, pitch angle, and power coefficient in a wind turbine is
depicted in Fig. 64. Equation (7) states that power and wind speed has a cubic relationship;
hence, when wind speeds are below nominal power, the power coefficient is about at its maxi-
mum, and vice versa for pitch angle. According to (4) and (5), the power coefficient decreases
as the pitch angle rises as the wind speed increases and exceeds the nominal wind speed. The
greater the pitch angle rises, the smaller the power coefficient will be.
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Figure 64: Relation of wind speed, pitch angle, and power coefficient

5.1.2 Results of wind turbine model in PSCAD (GFOL)

In this part, the model which is built in PSCAD software will be investigated. To analyze the
model in a realistic condition a wind speed data set that is similar to the actual wind blowing
characteristics is provided and given to the wind turbine as it is shown in Fig. 65. The range of
the wind speed is between 6–16 m/s, although the change over time is rapid, which is caused
by the wind’s recognizable gusts and noises. By concentrating on pitch angle variation and
generated power, it is evident that pitch angle controls excess power thatmight hurt themachine
while also taming abrupt changes in wind speed.
The grid-side voltage and current are displayed in qd form in Fig. 65, for convenience. The
grid’s control structure is designed to inject both active and reactive power, as was stated in
the Section before, and voltage is steady because of PLL. While the current varies as the wind
speed varies, the grid-side voltage is nearly constant and the dc regulator maintains the dc-link
voltage constant as well, as can be seen in Fig. 66. Because this is the predicted behavior, the
model may inject power by maintaining the voltage in accordance with the reference.
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Figure 65: Wind speed, pitch angle and power variation in PSCAD (GFOL)
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To asses the control response of the Type IV wind turbine model in PSCAD to a symmetric
fault, a 0.01 Ω during 50 ms has been embedded to the point of connection of the wind turbine
with grid, the fault is enabled at 30 seconds. Fig. 67 demonstrates that the power injected at
the time of the fault leaps, but because of the embedded limits and dc chopper, the controller
prevents the system from spinning out of control. Fig. 68 also shows how the fault affected the
system and the system could recover. In Fig. 69When a fault occurs at 30 seconds, the converter
voltage drops while the current tends to increase to a significant value, but this is controlled by
limits, and by focusing on the converter power graph, it can be deduced that the fault mostly
requires reactive power, which is why reactive power increases while active power reduces.
When a failure occurs and the converter is unable to inject active power, the remaining active
power in the dc-link tends to increase the dc voltage, as shown in Fig. 69, but the embedded dc
chopper connected to the dc-link dissipates that power in order to keep the dc voltage within
an acceptable range.
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Figure 67: Wind speed, pitch angle and power variation in PSCAD (GFOL) during the fault
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5.1.3 Results of wind turbine model in PSCAD (GFOR)

The wind turbine model which is created in PSCAD will be investigated using a GFOR control
based on droop based with cascade control at the grid-side VSC. The identical circumstances as
in Section (5.1.2) are applied and results will be displayed and discussed. In GFOR control, the
dc-bus voltage will be regulated with a dc voltage source which is a key difference compared to
GFOl control where the dc-bus voltage is controlled by the grid-side controller.

According to Fig. 71, a wind turbine with GFOR control may inject power similarly to a GFOL
control, but there are changes due to the influence of virtual inertia, which causes the capacitor
at the dc-link to serve as a deposit, which is why the Vdc voltage increases at intervals. When
the dc-link voltage rises, there is an unbalance between the injected and generated power, so the
capacitor voltage increases and absorbs that energy, but only to a limited extent (no more than
30% of the capacitor voltage), and when the demand rises, the dc voltage source or a battery
might cover the voltage drop in the dc-link.

Another distinction is the droop rotating speed, which, unlike in GFOL control, where the PLL
rotational speed is the same as the grid, it is not constant in GFOR control. The rotating speed of
the GFOR converter depends on the fluctuation of the generating power and the magnitude of
the virtual inertia on which the converter imposes its angle. As can be noted in injected power
graph in Fig. 70, there is power fluctuation at the beginning but after a few seconds it disappears,
the reason is the nature of the GFOR control which is sensitive to the grid strength, the effect of
different SCR values on GFOR control is in subsequent.
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Figure 70: Wind speed, pitch angle and power variation in PSCAD (GFOR)
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Figure 71: Variation of grid-side voltage and current and dc-link plus the injected battery power
and the droop rotational speed in PSCAD (GFOR)

5.1.4 Results of simplified GFOL converter model with different grid strength

The behavior of a grid-following converter connected to the grid with various SCR ratios will
be evaluated here. To mimic a real behavior of a detached machine, a regulated current source
with an adequate current to meet the voltage drop need will be connected to the dc-side of the
converter. It is designed to take 1 second to attain a steady state, after which the results will be
shown.

• Ideal grid

Fig. 72 illustrates the results of a grid-following converter connected to an ideal grid with zero
impedance. It can be noted that the converter is able to inject power without any problem. The
power reaches the maximum value of 5 MW at 1 second while the PLL maintains the voltage
and ω constant in accordance with the grid.
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Figure 72: Voltage, current, power, and angular speed of GFOL converter connected to an ideal
grid

• SCR=5

Fig. 73 reveals that there is no statistically significant difference between the ideal grid results
and the grid with SCR=5, which is because a grid with SCR=5 is regarded a strong grid.
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Figure 73: Voltage, current, power, and angular speed of GFOL converter connected to the grid
with SCR=5

• SCR=3

By comparing the results of Fig. 73 and Fig.74 with Fig. 72 it should be observed that the greater
grid impedance causes the voltage loss to rising as the grid becomes weaker and the SCR value
decreases. Although there is no voltage loss when connected to an ideal grid, when connected
to a grid with SCRs of 5 or 3, there is a slight voltage drop, which explains why the current in
the Fig. 74 is a little greater.
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Figure 74: Voltage, current, power, and angular speed of GFOL converter connected to the grid
with SCR=3

• SCR=1

Fig. 75 demonstrates why it is undesirable to use grid-following converters in weak grid condi-
tions, such as SCR=1 or below. As depicted in Fig. 75, PLL is the primary cause of stability loss
because it is unable to inject power and follow the grid when it encounters high impedance and
that deters the PLL of tracking grid‘s angle. Therefore, this justifies the need for a grid-forming
converter when dealing with weak grids.
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Figure 75: Voltage, current, power, and angular speed of GFOL converter connected to the grid
with SCR=1

5.1.5 Results of simplified GFOR converter model with different grid strength

As per Section (2.10), the grid-forming structure is suitable in weaker grids, island mode, or
even black start since grid-following converters are unable to supply power in those situations.
A grid-forming converter was developed in PSCAD and linked to grids with SCR ratios of 1,
3, 5, and in addition to island mode analysis in order to explore the behavior of the converter
under various grid strength situations. The findings of each experiment will be presented and
analyzed separately. The converter and grid characteristics are the same as the wind turbine
model just by taking into consideration X/R = 10 different SCR values will be calculated.

• SCR=1

SCR=1 is recognized as a very weak grid in which grid-following converters never operate in
such a grid strength but as can be seen in Fig. 76 grid-forming converter can inject power while
imposing its voltage without any problem.
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Figure 76: Voltage, current, power, and angular speed of GFOR converter connected to the grid
with SCR=1

• SCR=3

Although a grid with a short circuit ratio equal to 3 is not considered a very weak grid but still
not considered a strong grid neither however grid-following converters are able to work with
this grid strength as well. Fig. 77 shows that implemented grid-forming converter is capable of
working with a grid with SCR=3.
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Figure 77: Voltage, current, power, and angular speed of GFOR converter connected to the grid
with SCR=3

• SCR=5

By comparing the findings in Fig. 76, Fig. 77, and Fig. 78 it can be deduced that the grid-
forming converter is more stable with weak grids or low SCR ratios. It should be emphasized
that stronger grids can confront the grid-forming converter considerably more than weak grids,
hence the cause for the instability at the start, according to Fig. 78, is related to the grid-forming
converter’s virtual inertia. The greater the virtual inertia value, the more difficult it is to link
grid-forming converters to more powerful grids.
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Figure 78: Voltage, current, power, and angular speed of GFOR converter connected to the grid
with SCR=5

• SCR=0 or Island mode

To execute grid-forming converter island mode simulation, the grid-forming converter is con-
nected to a grid with SCR=3 and a load of 50% (2.5 MW) of grid-forming converter power is
connected between them. Feeding the load is divided evenly between the grid and the converter
until the grid is removed after 5 seconds, at which point the converter will be the sole remaining
source of power to supply the load.

As results shown in Fig. 79, when the grid disconnects after 5 seconds, the grid-forming con-
verter is capable of maintaining stability and supplying the load as intended. This is accom-
plished as follows: immediately upon grid disconnection, the converter maintains a steady
voltage while increasing current, resulting in increased power and decreased frequency.
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Figure 79: Voltage, current, power and angular speed of GFOR converter in island mode

5.2 IEEE 9-bus system with GFOL converter
This Section describes the IEEE 9-bus benchmark system, with the characteristics as stated in
Section (4.16), plus integrating a grid-following converter to it. At first, the wind turbine with
the grid-following converter will replace the generator at the PQ bus and the results will be
illustrated and analyzed.

5.2.1 Normal operation

All the required parameters in order to run the power flow of an IEEE 9-bus system are illus-
trated in Tables 8, 10 and 9. After completing the power flow, it is necessary to check the results
with those from the raw file. The model is run and the values are displayed in this phase.

Two synchronous generators are connected to the Slack bus and the PV bus alongside the grid-
following converter which is linked to the PQ bus and the power flow results are indicated in
Fig. 80. When comparing the findings to the raw data, it is clear that the active and reactive
power levels agree with the raw data but the voltage remains slightly below the raw data value.
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Figure 80: IEEE 9-bus system with GFOL converter in normal operation

5.2.2 Symmetric fault

This scenario shows the response of the IEEE 9-bus system with a grid-following converter
during a symmetrical fault at bus 6. The time for this fault has been set to 30 seconds with
a duration of 10 ms and a short circuit impedance of 0.01 Ω. By concentrating on the voltage
in Fig. 81, it can be seen that the voltages of the PQ and slack buses to which the converter is
attached decrease more than those of the PV bus. This is because the fault is at bus 6, which
is situated between the PQ and slack buses. It can be observed that all the generators and the
converterwork together to preserve stability, which in the end the system response is acceptable,
by taking into account the active and reactive power fluctuation during and after the faults.
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Figure 81: IEEE 9-bus system with GFOL converter with a symmetric fault
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Figure 82: IEEE 9-bus system with GFOL converter with a symmetric fault (detailed view)
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5.2.3 Load increase

The objective of this scenario is to examine the system by applying a 20 MW resistive load to
bus 6 in 30 seconds and investigating how the generators and GFOL converter react. As shown
by the results in Fig. 83, Fig. 84, it can be observed that the system operates normally for the first
30 seconds until a switch adds a 20 MW resistive load, changing the power flow results. The
result is that, because the slack and PV buse have more power reserved for them, by increasing
the load, each generator’s governor activates and adds more power to the system, while the
converter, which is already operating at maximum capacity, is unable to produce any more
because there is no more power available. To add to that, it can be deduced from the voltage
data that voltage declines in all buses as a result of an increase in load values, which is within a
reasonable range.
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Figure 83: IEEE 9-bus system with GFOL converter with an added load
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Figure 84: IEEE 9-bus system with GFOL converter with an added load (detailed view)

5.2.4 Generator disconnection

In this scenario, one of the two synchronous generators, in this case, the SG of the Slack bus,
will be removed from the system after 30 seconds, and the other sources‘ behavior will be an-
alyzed. As indicated in Fig. 85, the system operates smoothly for 30 seconds. Then, the SG1 is
removed, and the SG2 begins to increase its power to its maximum permissible level. As previ-
ously indicated, the converter is unable to increase its power since it is operating at 100% of its
allowable limits level. Due to the presence of the loads and the absence of the SG1, it can be seen
that the system maintains stability, albeit to a marginal extent. This is because the remaining
two sources are insufficient for the system to function normally, as seen in the voltage values at
buses 1 and 3, where they have fallen noticeably.
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Figure 85: IEEE 9-bus system with GFOL converter and a generator disconnection condition

5.3 IEEE 9-bus system with GFOL and GFOR converters
With one exception, this part repeats the Section before it. At the PV bus, a grid-forming con-
verter will take the place of the synchronous generator, identical scenarios will be applied and
results will be shown.

5.3.1 Normal operation

The sole purpose of this Section is to observe the results of the power flow and determine
whether the system is stable. In this case, there are two power converters, one connected to the
PQ bus with GFOL control and the other to the PV bus with GFOR control, and a synchronous
generator is connected to the slack bus with the same characteristics as in the previous Section.
As shown in Fig. 86, the results of the system match with power flow results in the raw file.
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Figure 86: IEEE 9-bus system with GFOL and GFOR converters

5.3.2 Symmetric fault

As demonstrated in Fig. 87, a symmetric fault with 0.01 Ω of resistance for a length of 10 ms
occurs at 30 seconds at bus 6. This fault results in a significant voltage drop across all buses. To
keep the voltage at the same level, the synchronous generator and theGFOR converter increased
their reactive power injection. It should be mentioned that the system could function even in a
failure situation thanks to the GFOR converter that took the role of the synchronous generator
at the PV bus.
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Figure 87: IEEE 9-bus system with GFOL and GFOR converters with a symmetric fault
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Figure 88: IEEE 9-bus systemwithGFOL andGFOR converters with a symmetric fault (detailed
view)
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5.3.3 Load increase

In this scenario a load with 20 MW of power after 30 seconds will be linked to the system at bus
6 and the results are shown in Fig. 89.

After 30 seconds, when the load is applied to the system, the GFOR and SG1 boost their output
power to handle the additional load. TheGFOR converter virtual inertia is set to 0.01 s in the low
pass filter and is much faster than a synchronous generator in this case, and as a result, when
the load is added to the system, the GFOR converter reacts rapidly and covers the majority of
the load share. However, after about 10 seconds, the synchronous generator, which is much
slower due to its bigger inertia and the speed of its governor and other factors, regains its share.
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Figure 89: IEEE 9-bus system with GFOL and GFOR converters with an added load

To investigate the influence of virtual inertia on the system for the same scenario, different values
will be placed in the frequency droop low pass filter, and the results are shown in Fig. 90. The
values to be set are 1 ms, 10 ms, and 500 ms. As observed in the findings, when there is a larger
virtual inertia, the rate of change of frequency (ROCOF) is smaller. This is because, as shown
in Fig. 90, the converter with higher virtual inertia will inject more power at the time of the
occurrence, resulting in smoother frequency mitigation.
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Figure 90: Effects of different virtual inertia values on the system

5.3.4 Generator disconnection

In this scenario the SG1 which now is the only synchronous generator in the system will be
removed after 30 seconds and the only existing sources will be the GFOR converter and the
GFOL converter and the system behavior will be assessed.

When the synchronous generator is removed from the system, there will be no conventional
sources left; instead, there will only be two remaining power converters, as shown in Fig. 91,
maintaining the stability of the system. This illustrates the significance of the GFOR control
structure in this situation. The GFOL converter can receive the references from the GFOR con-
verter, which is now serving as the system’s slack bus. The GFOR converter has the ability to
increase its power and level to its maximum levels.
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Figure 91: IEEE 9-bus system with GFOL and GFOR converters and a generator disconnection
condition
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Conclusions
For more than a century, the wind power sector has helped meet the need for energy, and since
then, wind power technology has also advanced. This development may be seen in the transi-
tion from fixed-speed wind turbines to variable-speed wind turbines with full-scale converters
or from on-shore to offshore wind farms. Power networks are not exempt from this change,
therefore the power grids are switching from a system with a preponderance of heavy, inert
synchronous generators to fast power electronic converters.

In this study, the grid-following control, which is the traditional method of controlling the con-
verters, has been evaluated using robust simulation tools, and it has been demonstrated that
the grid-following control, which had previously worked extremely well, may now have issues
with the new structure of the power networks, where the majority of the sources are power
converters. We may infer that the SCR levels and inertia will be reduced in a new power system
with greater penetration of power converters. In this study, it is demonstrated that weak grids
or low SCR values make it impossible for grid-following converters to operate.

Grid-forming control mechanism has recently been developed to address the aforementioned
issue, and it is examined in this research. In spite of the grid-forming control’s complexity, it is
demonstrated in this study that two power converters can supply a small system simultaneously
without the need for a synchronous generator, whereas in grid-following control, two convert-
ers are unable to do so because a voltage and angle reference are required. It has also been
demonstrated that a system with grid-forming and grid-following in addition to other sources
can withstand faults and disturbances, which is crucial for future power networks.

Apart from that, it is proven in this study that the virtual inertia in grid-forming control can
influence the rate of change of frequency (ROCOF), which is directly related to the inertia of
the system. Being able to change the inertia allows us to move more quickly toward a network
with full power converter penetration.

Aswind energy is expected to be one of themain sources of electricity in the future, this research
attempted to look at both present and emerging wind energy technologies.
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Economics and environmental impact of the project

Economics
To make this project, a personal computer is used and to create the models and perform the
analysis software such as PSCAD and Matlab/Simulink are utilised. Table 11 shows the cost of
the project and it can be noted that by taking into account the human resource, software and
hardware the total cost for this thesis is equal to 15783.93€.

Table 11: Cost of the project

Concept Type Unit Cost(€)
Lenovo Thinkpad Hardware 1 1200

PSCAD Software 1 Year 4813.93
Matlab/Simulink Software 1 Year 250

Research Human Resource 350 Hours 2800
Building Simulink model Human Resource 80 Hours 640
Building PSCAD model Human Resource 250 Hours 2000

Building the code Human Resource 60 Hours 480
Scenarios and validation Human Resource 150 Hours 1200

Writing Human Resource 300 Hours 2400
Total 15783.93

Environmental Impact
Due to the author’s presence throughout the project in Spain, the value of CO2 emission is
taken into account in accordance with the Spanish national grid (Red Eléctrica de España). The
environmental impact assessment of this project is computed and displayed in Table 12.

Table 12: Environmental impact of the project

Concept Total Consumption
(kWh)

Unitary kgCO2/kWh
emissions

Total emissions
(kgCO2-eq)

PC 30 0.19 5.7
Lighting 900 0.19 171
Heating 1250 0.19 237.5

Ventilation 25 0.19 4.75
Total 418.95
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Appendix

MATLAB script
%% General parameters
%% Wind turbine data
rho =1.225; %Air density
Pn=5e6; %WT nominal power
D=88; %WT diameter
N=80; %Transmission ratio of gearbox
wg=2*pi *50/2; %WT nominal mechanical speed
Jtot =9*10^4; %inertia
rt=D/2;
A=pi*rt^2

%PMSG paramaters
wn=2*pi*50; %Rotatioanl speed
P=2; %Pole pairs
Rs =0.01; %Series resiastant
Ld =0.159; %Inductance d-component
Lq =0.159; %Inductance q-component

%Power coefficient values
c1 =0.73;
c2=151;
c3 =0.58;
c4 =0.002;
c5 =2.14;
c6 =13.2;
c7 =18.4;
c8= -0.02;
c9= -0.003;

% AC grid: Thevenin equivalent
Sn1=5e6; % Base power
Un1 =690; % Base AC voltage
f1=50; % Base frequency
SCR1 =5; % Short -circuit ratio
Scc1=SCR1*Sn1; % Short -circuit power
Xcc1=Un1^2/ Scc1; % Short -circuit impedance
Lcc1=Xcc1 /(2*pi*f1); % Shot -circuit inductance
Rcc1=Xcc1 /10; % Short -circuit resistance

% DC grid: ideal
Vdcref =1200;

%% 2L-VSC
Sn_n1=Sn1; % Base power
f_n1=f1; % Frequency
w_n1 =2*pi*f_n1; % Angular speed
Un_n1=Un1; % Line -line voltage
Vpeak_n1=Un_n1/sqrt (3)* sqrt (2); % Peak voltage
Xn_n1=Un_n1 ^2/ Sn_n1; % Base impedance
Ln_n1=Xn_n1 /(2*pi*f_n1); % Base inductance
Rg_n1=Rcc1; % Thevenin resistance
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Lg_n1=Lcc1; % Thevenin inductance
Rc_n1 =0.01* Xn_n1; % Converter grid coupling filter resistance
Lc_n1 =0.1* Ln_n1; % Converter grid coupling filter inductance

%Grid thevenin equivalent Configuration
vaini_n1=Vpeak_n1; % Three -phase system initial voltages
vbini_n1 = -1/2* Vpeak_n1;
vcini_n1 = -1/2* Vpeak_n1;

Vdcref_n1=Vdcref; % Base DC voltage
tau_C =0.04; % Time response of DC capacitor
Cdc =2* tau_C*Sn_n1/Vdcref_n1 ^2; % DC capacitor
Kcp =0.5* rho*A*(D/2)^3*( c1*(c2+c6*c7)^3* exp((-c2 -c6*c7)/c2))/(c2^2*c7^4)

% PLL tuning
ts_pll_n1 =0.025;
xi_pll_n1 =0.707;
omega_pll_n1 =4/( ts_pll_n1*xi_pll_n1 );
kp_pll_n1=xi_pll_n1 *2* omega_pll_n1/Vpeak_n1;
tau_pll_n1 =2* xi_pll_n1/omega_pll_n1;
ki_pll_n1=kp_pll_n1/tau_pll_n1;

% Current control
taus=1e-3;
kp_s_n1=Lc_n1/taus;
ki_s_n1=Rc_n1/taus;

% Power loops
tauPQ=1e-2;
kp_P_n1=taus/tauPQ;
kp_Q_n1=kp_P_n1;
ki_P_n1 =1/ tauPQ;
ki_Q_n1=ki_P_n1;

% DC voltage control
psi_Vdc =2;
wn_Vdc =100*2* pi; %100*2* pi
kp_dc =2* Cdc*psi_Vdc*wn_Vdc;
ki_dc=Cdc*wn_Vdc ^2;

%% Parameters PMSG
wr=2*pi*f1;
fluxm =2.5;
p=2;
Rs =0.01;
Lqd =0.05/(2* pi*50);
Lq=Lqd;
Ld=Lqd;

%Control parameters
tau_m=5e-3;
kp_mq=Lq/tau_m;
kp_md=Ld/tau_m;
ki_m=Rs/tau_m;
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lambda= wt*rt ./ vw; % Calculation of the tip speed ratio
k1=( lambda+c8*angle_pitch ).^(-1)-c9/(1+ angle_pitch ^3); % aux variable for the cp calculation
Cpp=max(0,c1*(c2*k1 -c3*angle_pitch -c4*angle_pitch^c5-c6).*exp(-c7*k1));
Kcp =0.5* rho*A*(D/2)^3*( c1*(c2+c6*c7)^3* exp((-c2 -c6*c7)/c2))/(c2^2*c7^4)
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Initialization code for WT in Python

import mhi.pscad
from mhi.pscad.utilities.file import File
import sys , os
import win32com.client
import shutil
import grg_pssedata
import math
# ---------------------------------------------------------------------
# Configuration
# ---------------------------------------------------------------------
print("Automation Library:", mhi.pscad.VERSION)

settings = {’fortran_version ’: ’GFortran 4.6.2’}
fortran_ext = ’.gf46’
project_name =’Final_model_Gfollow ’

# Working directory
working_dir = os.getcwd () + "\\"

# ---------------------------------------------------------------------
# Main script
# ---------------------------------------------------------------------

# Launch PSCAD and Fortran version
pscad = mhi.pscad.launch(version=’5.0.1 ’, settings=settings)

#Defining parameters of the Wind turbine
rho =1.225 #Air density in (kg\m^3)
Pn=5 #WT nominal power in (MVA)
rt=44 #WT diameter in (m)
wrat =314.1592 #WT nominal mechanical speed in (rad\sec)
A=math.pi*rt**2 #Rotor area in (m^2)
Gr=80.1 #Gearbox ratio
Ge=1 #Gearbox efficiency in(pu)

#PMSG parameters
Pg=5 #Generator power
Vg=1 #Generator voltage
Fg=50 #Generator frequency
Rs=0.01 #Stator winding resistance
Xs =0.064 #Stator leakage reactance
Xd=0.55 #Unsaturated reactance(Xd)
Xq=0.85 #Unsaturated reactance(Xq)
time=1 #Time to switch from source to machine

#Grid parameters
Sgrid=5 #Grid base power
Vgrid =0.69 #Grid L_L base voltage
Fgrid =50 #Grid frequency
SCR=5 #Short circuit ratio
Sccgrid=Sgrid*SCR #Short circuit power
Zccgrid=Vgrid **2/ Sccgrid #Short circuit impedance
Lccgrid=Zccgrid /(2* math.pi*Fgrid) #Short circuit inductance
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Rccgrid=Zccgrid /100 #Short circuit resistance

#Converter parameters
SC=Sgrid #Converter Base power
fC=Fgrid #Converter Base frequency
WC=2* math.pi*fC #Converter Base angular speed
ZbC=Vgrid **2/SC #Converter Base impedance
LbC=ZbC /(2* math.pi*fC) #Converter Base inductance
RC =0.01* ZbC #Converter grid coupling filter resistance
LC=0.1* LbC #Converter grid coupling filter inductance
Vpeak_n1 = Vgrid *(math.sqrt (2)/ math.sqrt (3))

#Dc bus parameters
Vdc_ref =1.2 #DC bus voltage
tauc =0.04 #Time response of the DC capacitor
Cdc =(2* tauc*SC/Vdc_ref **2)*2 e6 #DC capacitor (2 in series)

#PLL tuning
ts_pll_n1 =0.025 #PLL time constant
xi_pll_n1 =0.707 #PLL damping ratio
omega_pll_n1 =4/( ts_pll_n1*xi_pll_n1) #PLL angular speed
kp_pll_n1 =( xi_pll_n1 *2* omega_pll_n1 )/( Vpeak_n1 *10**3) #PLL propotional value
tau_pll_n1 =2* xi_pll_n1/omega_pll_n1 #PLL tau
ki_pll_n1=kp_pll_n1/tau_pll_n1 #PLL integral value
f_PLL =50 #PLL frequency

#G-side Current controller
taus =0.001
kp_s_n1=LC/taus
ki_s_n1=RC/taus

#Power loops
tauPQ=1e-2
kp_P_n1=taus/tauPQ
kp_Q_n1=kp_P_n1
ki_P_n1 =1/ tauPQ
ki_Q_n1=ki_P_n1

if pscad:
try:

# Load the project
pscad.load([r’(PSCAD file loation)’])
project = pscad.project(project_name)
project.focus ()

# Get the "Main" canvas
main = project.canvas(’Main’)

#Getting wind turbine data
WT=project.component (956528011)

#Getting generators data
G=project.component (862029781)
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#Getting timer data
Timer=project.component (1294302219)

#Getting grid data
Vgg=project.component (1657895110)
fgg=project.component (603474630)
Zgg=project.component (135393464)

#Getting converter filter Data
RLCg=project.component (869123953)

#Getting capitors Data
C1=project.component (1894479177)
C2=project.component (533623950)

#Getting PLL Data
kp_pll=project.component (1052788259)
ki_pll=project.component (759565932)
fpll=project.component (267265109)

#Getting power loops Data
kp_P_g=project.component (1338049127)
ki_P_g=project.component (342682449)
kp_P_m=project.component (744561321)
ki_P_m=project.component (383861948)

# -----------------------------------------------------
# Sending Data to PSCAD
# -----------------------------------------------------

# Sending Wind turbine data
WT.parameters(Gmva=Pn ,Wrat=wrat ,Rad=rt ,Area=A,Airden=rho ,Eff=Ge ,Gratio=Gr)

# Sending Generators datas
G.parameters(MVA=Pg,VRAT=Vg ,F=Fg ,Rs=Rs,Xls=Xs,Xd=Xd ,Xq=Xq)

# Sending Generator Timer data
Timer.parameters(X=time)

# Sending Grid datas
Vgg.parameters(Value=Vgrid)
fgg.parameters(Value=Fgrid)
Zgg.parameters(R=Rccgrid ,L=Lccgrid)

# Sending Converter filter data
RLCg.parameters(R=RC ,L=LC)

# Sending DC capacitors data
C1.parameters(C=Cdc)
C2.parameters(C=Cdc)

# Sending Data to PLL
kp_pll.parameters(Value=kp_pll_n1)
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ki_pll.parameters(Value=ki_pll_n1)
fpll.parameters(G=f_PLL)

# Sending Datas to power loops
kp_P_g.parameters(Value=kp_P_n1)
ki_P_g.parameters(Value=ki_P_n1)
kp_P_m.parameters(Value=kp_P_n1)
ki_P_m.parameters(Value=ki_P_n1)

project.run()
print("Script is Done!")

else:
print("Failed to launch PSCAD")

# ------------------------------------------------------------------------------
# End of script
# ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Initialization code for IEEE 9-bus in Python

import mhi.pscad
import mhrc.automation
from mhi.pscad.utilities.file import File
import sys , os
import win32com.client
import shutil
import grg_pssedata
import math
# ---------------------------------------------------------------------
# Configuration
# ---------------------------------------------------------------------
print("Automation Library:", mhi.pscad.VERSION)

settings = {’fortran_version ’: ’GFortran 4.6.2’}
fortran_ext = ’.gf46’
project_name =’IEEE9bus_WT_with_automation ’

# Working directory
working_dir = os.getcwd () + "\\"

# ---------------------------------------------------------------------
# Main script
# ---------------------------------------------------------------------

# Launch PSCAD and Fortran version
pscad = mhi.pscad.launch(version=’5.0.1 ’, settings=settings)

#Getting Data from raw file
INPUT_FILE = "Raw file location"
data = grg_pssedata.io.parse_psse_case_file(INPUT_FILE)

#Defining Generators parameters from raw file
vt1=(data.buses [0].vm) #Initial voltage magnitutde of G1
vt2=(data.buses [1].vm) #Initial voltage magnitutde of G2
ph1=(data.buses [0].va) #Initial phase angle of G1 in (radians)
ph2 =(( data.buses [1].va )*0.0174533) #Initial phase angle of G2 in (radians)
pg1=(data.generators [0].pg) #Initial active power of the G1
pg2=(data.generators [1].pg) #Initial active power of the G2
qg1=(data.generators [0].qg) #Initial reactive power of the G1
qg2=(data.generators [1].qg) #Initial reactive power of the G2

#Defining Load datas
pl1=(data.loads [0].pl)/3 #Load 1 active power
pl2=(data.loads [1].pl)/3 #Load 2 active power
pl3=(data.loads [2].pl)/3 #Load 3 active power
ql1=(data.loads [0].ql)/3 #Load 1 reactive power
ql2=(data.loads [1].ql)/3 #Load 2 reactive power
ql3=(data.loads [2].ql)/3 #Load 3 reactive power

#Defining parameters of the Wind turbine
rho =1.225 #Air density
Pn=5 #WT nominal power
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rt=44 #WT diameter
wrat =314.1592 #WT nominal mechanical speed(rad\sec)
A=math.pi*rt**2 #Rotor area
Gr=80.1 #Gearbox ratio
Ge=1 #Gearbox efficiency

#PMSG parameters
Pg=5 #Generator power
Vg=1 #Generator voltage
Fg=50 #Generator frequency
Rs=0.01 #Stator winding resistance
Xs =0.064 #Stator leakage reactance
Xd=0.55 #Unsaturated reactance(Xd)
Xq=0.85 #Unsaturated reactance(Xq)
time=1 #Time to switch from source to machine

#Grid parameters
Sgrid=5 #Grid base power
Vgrid =0.69 #Grid L_L base voltage
Fgrid =50 #Grid frequency
SCR=5 #Short circuit ratio
Sccgrid=Sgrid*SCR #Short circuit power
Zccgrid=Vgrid **2/ Sccgrid #Short circuit impedance
Lccgrid=Zccgrid /(2* math.pi*Fgrid) #Short circuit inductance
Rccgrid=Zccgrid /100 #Short circuit resistance

#Converter parameters
SC=Sgrid #Converter Base power
fC=Fgrid #Converter Base frequency
WC=2* math.pi*fC #Converter Base angular speed
ZbC=Vgrid **2/SC #Converter Base impedance
LbC=ZbC /(2* math.pi*fC) #Converter Base inductance
RC =0.01* ZbC #Converter grid coupling filter resistance
LC=0.1* LbC #Converter grid coupling filter inductance
Vpeak_n1 = Vgrid *(math.sqrt (2)/ math.sqrt (3))

#Dc bus parameters
Vdc_ref =1.2 #DC bus voltage
tauc =0.04 #Time response of the DC capacitor
Cdc =(2* tauc*SC/Vdc_ref **2) #DC capacitor
Cdc_PSCAD=Cdc*2e6 #2 Capacitor in series in PSCAD
#PLL tuning
ts_pll_n1 =0.025 #PLL time constant
xi_pll_n1 =0.707 #PLL damping ratio
omega_pll_n1 =4/( ts_pll_n1*xi_pll_n1) #PLL angular speed
kp_pll_n1 =( xi_pll_n1 *2* omega_pll_n1 )/( Vpeak_n1 *10**3) #PLL propotional value
tau_pll_n1 =2* xi_pll_n1/omega_pll_n1 #PLL tau
ki_pll_n1=kp_pll_n1/tau_pll_n1 #PLL integral value
f_PLL =60 #PLL frequency

#G-side Current controller
taus =0.001
kp_s_n1=LC/taus
ki_s_n1=RC/taus
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# DC voltage control
psi_Vdc =2
wn_Vdc =10*2* math.pi
kp_dc =2* Cdc*psi_Vdc*wn_Vdc
ki_dc=Cdc*wn_Vdc **2

#Power loops
tauPQ=1e-2
kp_P_n1=taus/tauPQ
kp_Q_n1=kp_P_n1
ki_P_n1 =1/ tauPQ
ki_Q_n1=ki_P_n1

if pscad:
try:

# Load the project
pscad.load([r’(PSCAD file location)’])
project = pscad.project(project_name)
project.focus ()

# Get the "Main" canvas
main = project.canvas(’Main’)

#Getting Generators Datas
G1 =project.component (148919121)
G2 =project.component (1869282479)

#Getting load Datas
l1=project.component (1391543602)
l2=project.component (393679904)
l3=project.component (1512264491)

# Getting wind turbine data
WT = project.component (956528011)

# Getting PMSG parameters
G = project.component (862029781)

# Getting timer data
Timer = project.component (1294302219)

# Getting converter filter Data
RLCg = project.component (869123953)

# Getting capitors Data
C1 = project.component (1894479177)
C2 = project.component (533623950)

# Getting PLL Data
kp_pll = project.component (1052788259)
ki_pll = project.component (759565932)
fpll = project.component (267265109)
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# Getting power loops Data
kp_P_g = project.component (1338049127)
ki_P_g = project.component (342682449)
kp_P_m = project.component (744561321)
ki_P_m = project.component (383861948)

#Getting DC voltage regulator Data
kp_DC=project.component (600618823)
ki_DC=project.component (1120448045)

# -----------------------------------------------------
# Sending Data to PSCAD
# -----------------------------------------------------
print("Run 1, set IEEE9bus datas , run ,")

# Sending Generators datas
G1.parameters(VT=vt1 ,Pheta=ph1 ,P0=pg1 ,Q0=qg1)
G2.parameters(VT=vt2 ,Pheta=ph2 ,P0=pg2 ,Q0=qg2)

#Sending Loads parameters
l1.parameters(PO=pl1 , QO=ql1)
l2.parameters(PO=pl2 , QO=ql2)
l3.parameters(PO=pl3 , QO=ql3)

# Sending Wind turbine data
WT.parameters(Gmva=Pn , Wrat=wrat , Rad=rt , Area=A, Airden=rho , Eff=Ge , Gratio=Gr)

# Sending Generators datas
G.parameters(MVA=Pg, VRAT=Vg , F=Fg, Rs=Rs , Xls=Xs, Xd=Xd , Xq=Xq)

# Sending Generator Timer data
Timer.parameters(X=time)

# Sending Converter filter data
RLCg.parameters(R=RC , L=LC)

# Sending DC capacitors data
C1.parameters(C=Cdc_PSCAD)
C2.parameters(C=Cdc_PSCAD)

# Sending Data to PLL
kp_pll.parameters(Value=kp_pll_n1)
ki_pll.parameters(Value=ki_pll_n1)
fpll.parameters(G=f_PLL)

# Sending Datas to power loops
kp_P_g.parameters(Value=kp_P_n1)
ki_P_g.parameters(Value=ki_P_n1)
kp_P_m.parameters(Value=kp_P_n1)
ki_P_m.parameters(Value=ki_P_n1)
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#Sending parameters to DC voltage regulator
kp_DC.parameters(Value=kp_dc)
ki_DC.parameters(Value=ki_dc)

project.run()

else:
print("Failed to launch PSCAD")

# ------------------------------------------------------------------------------
# End of script
# ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Simulink Figures

Wind Turbine model in Simulink
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Wind Turbine power model in Simulink

Pitch controller model in Simulink

Shaft model in Simulink
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PMSG in Simulink

DC voltage regulator in Simulink

Qloop in Simulink
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Grid-side current regulator in Simulink

Machine-side current regulator in Simulink
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