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Abstract: This paper analyzes the optimal control strategy of PMSG-based wind farms during faults in order to improve
the transient stability of a power system with a high penetration rate of wind power. The investigated control strategies
are the unity power factor (UPF), reactive power control (RPC), and particularly the concept of virtual synchronous
machine (VSM). The transient stability level is assessed using the critical clearing time index, which was calculated
based on trajectory sensitivity analysis. In light of the obtained results, it was found that RPC gives the best transient
stability level, followed by the classical VSM control. Hence, an improved VSM control was proposed based on the
transient model of a synchronous generator. The improved VSM has shown a behavior similar to a real synchronous
generator, which results in better transient stability performances.
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1. Introduction
According to the statistics of the International Renewable Energy Agency (IRENA) released in 2017, wind
energy is one of the fastest-growing renewable sources since it has proved its effectiveness and its economic
benefits [1]. However, large-scale integration of wind power represents a challenge for transmission system
operators in terms of ensuring safe and stable operation of the electrical network [2]. Many research works
have investigated the impact of high wind generation level on the stability of power systems. The influence
of increased penetration of fixed speed wind systems was analyzed in [3–5]. In [6], the impact of integrated
DFIGs on the transient dynamics of a power system was analyzed using the center of inertia (COI) approach.
The impact of DFIG-based wind farms on transient and small signal stability was also discussed in [7] and
[8]. In [9], the authors used sensitivity-based analysis to study the effect of DFIG-based wind farms on power
system stability during voltage dips. In view of this literature review, it is noted that most of studies have
dealt with the impact of SCIG-based wind farms and DFIG-based wind systems on the transient and small
signal stability of the electrical network. For direct drive technology, a variety of control strategies have been
proposed to manage the production of wind turbines during transient events. In [10], the authors analyzed
their transient performances with two control modes, namely unity power factor and reactive power control. In
[11], the virtual inertia control of PMSG-based wind systems was presented and analyzed. The virtual inertia
approaches were classified into three categories: synchronization control, supplementary signals for frequency
control, and the VSM. The concept of VSM aims to emulate the behavior of synchronous generators in order
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to stabilize the power system [12, 13]. It was applied in microgrids to control distributed generation sources
[14, 15] and generation systems with short-term energy storage [16]. Thus, the objective of this work is to
identify the best control method of PMSG-based wind farms in terms of transient stability enhancement. The
obtained performances are also compared with the stability level when only real synchronous generators are
used. For the different production scenarios, the trajectory sensitivity approach (TSA) was used to estimate
the critical clearing time (CCT), which is considered as a stability index [17, 18]. In light of the obtained
results, a modified VSM control is proposed in order to improve the transient behavior of variable speed wind
farms. With the improved VSM control, the response of the wind farm becomes even closer to that of a real
synchronous generator and the CCT is increased. The next section presents the power system modeling and
aggregate model of the PMSG-based wind systems. Section 3 discusses the basic theory of trajectory sensitivity
analysis. In the fourth section, the transient stability of the power system is assessed for different wind energy
production scenarios and the best control strategy is identified. In Section five, an improved VSM is compared
to the classical VSM and the SG in terms of transient stability improvement.

2. Power system modeling

This section presents the modeling of the two-area power system including the wind farm (Figure 1) . The
power system is based on a 9-bus test system. Detailed parameters are listed in Table 1.

G1G2

Direct Drive

wind farm

889 MVA

Load 2 Load 1

25km

T2

24 kV/225kV

T1

18.5 kV/225kV
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100km
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12
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Figure 1. Schematic of the two-area power system including a wind generation system.

Table 1. Parameters of synchronous generators.

 

Parameter Generator 1 Generator 2 Unit 

Base power 
bS  889  555 MVA 

Base voltage (line-to-line) 18.5  24 kV 

Poles pairs 2 2 - 

Stator resistance
sR  0.003 0.003 p.u. 

Synchronous reactance
dX  1.72 1.81 p.u. 

Synchronous reactance 
qX  1.69 1.76 p.u. 

Transient reactance 
'

dX  0.36 0.3 p.u. 

Transient reactance 
'

qX  0.4 0.25 p.u. 

Time constant 
'

doT  5.7 8 s 

Time constant 
'

qoT  0.04 0.07 s 

Inertia H  6.3 4.3 s 
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2.1. Synchronous generators

The synchronous generators are represented by the simplified model 1.1, which neglects stator transients. This
model assumes a field circuit on the d-axis and one equivalent damper on the q-axis [19]. A simplified model
including one gain and one time constant is used to represent the excitation system. The generator and the
exciter models are described by the following equations written in the p.u. system [20, 21]:

dδi
dt

= ωr0∆ωri (1)

d∆ωri
dt

=
1

2Hi
(−KD∆ωri + Tmi − T ei) (2)

T tdoi
dEtqi
dt

=

[
−Xdi

Xt
di

Etqi +

(
Xdi

Xt
di

− 1

)
Vi cos (δi − θi) + Efdi

]
(3)

T tqoi
dEtdi
dt

=

[
−Xqi

Xt
qi

Etdi +

(
Xqi

Xt
qi

− 1

)
Vi sin (δi − θi)

]
(4)

TAi

dEfdi
dt

= −Efdi + (Vref − Vi)KA (5)

In the above equations, δi represents the rotor angular position and ∆ωri is the speed deviation with respect
to the nominal speed ωr0 . Hi is the inertia constant and KDi

is a load damping constant. Tmi
and T ei

are respectively the mechanical and the electrical torques. Xdi and Xqi are the d-axis and q-axis synchronous
reactance, while Xt

di
and Xt

qi are the transient reactance. T tdoi and T tqoi are the time constants of rotor circuits,
and TAi

and KAi
are the gain and time constant of the exciter. Vi is the magnitude of stator voltages and θi

represents the angle of this voltage in the reference synchronous frame.

2.2. Network model
Transients associated to the electrical grid are neglected in stability studies since they decay very rapidly and
their effect is insignificant [21]. Hence, the electrical grid is represented by a set of algebraic equations, given
by:

PBi =

n∑
i=1

|Vi| |Vj | (Gij cos (θi − θj) +Bij sin (θi − θj)) (6)

QBi =

n∑
i=1

|Vi| |Vj | (Gij sin (θi − θj)−Bij cos (θi − θj)) (7)

Here, Gij and Bij are respectively the real and the imaginary parts corresponding to the Yij element of the
admittance matrix YBUS . In this matrix, the admittance corresponding to the transient reactance of generators
is merged with the network admittances. PBi and QBi represent active and reactive power injected to the ith
bus.
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2.3. PMSG-based wind farm
PMSG-based wind turbines use back-to-back voltage source converters (VSCs). The control strategy of the
generator-side converter (GSC) ensures variable speed operation of the PMSG. The grid-side converter controls
active and reactive powers delivered to the grid. The above-mentioned characteristics give a particular transient
behavior of this generation system compared to traditional synchronous generators. During contingencies, the
rotational speed of synchronous generators oscillates as a result of the unbalance between the input mechanical
power and produced electrical power. The grid frequency is influenced by rotor speed variations and the inertia
of the synchronous generator plays an important role in damping these oscillations. In the case of direct
drive wind turbines, the generated electrical power is always synchronized with the grid frequency and can
be controlled regardless of speed variations of the PMSG. Hence, the PMSG is electromechanically decoupled
from the grid and the wind system is considered with no influence on power system inertia [22]. During faults,
PMSG-based wind systems cannot deliver their rated power as a result of the limitations in converter ratings.
Taking into account the above performances, the model of the direct drive wind farm is represented by a voltage
source behind an equivalent reactance as depicted in Figure 2.

Figure 2. Model and control strategy of the grid-side converter.

The grid side converter is modeled by an averaged model, which only generates fundamental frequency
components [23]:

vd,q =
udc

mPWM
md,q (8)

md and mq are the modulating signals generated by the control block of the grid-side converter. The DC
link voltage udc is maintained constant by controlling the q-axis current and the produced reactive power is
controlled in the d-axis component. PI regulators are used to control the grid currents and the two control loops
are decoupled by adding feedforward components. A phase locked loop (PLL) is used to find the dq components
of the grid voltage. The voltage ripple across the DC link capacitor is calculated by:

Cdc ·
dudc
dt

= IGSC − 1

mPWM
(mdigrd +mqigrq) (9)
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The direct drive wind farm is aggregated by a single unit, which is scaled to give the same power production.
Assuming a wind farm comprising n wind turbines connected to a common bus, the parameters of the equivalent
model are calculated by:

Cdc,e = n · Cdc (10)

Xgr,e = Xgr/n (11)

3. Control strategies of the PMSG-based wind farm
3.1. Unity power factor

In unity power factor (UPF) control, the reference of reactive power Q∗
gr in Figure 2 is set to zero regardless

of grid conditions. The wind farm delivers only active power to the grid and the grid current is limited to the
rated value In [10].

3.2. Reactive power control
Figure 2 shows the typical reactive power control. In this case, the PMSG-based wind system delivers a reactive
current to support the grid voltage. The reactive current is proportional to the magnitude of the voltage drop
as required by the grid codes. In addition, the delivered current is limited by the current ratings of the grid-side
converter (In ). If a voltage drop is detected, the control strategy of the GSC forces the active power to zero
at the PMSG output, and the reactive current delivered to the grid is limited to its maximal value In .

3.3. Virtual synchronous machine
VSM is a promising control approach based on controlled power electronic converters. This concept aims to
operate distributed generation sources in a similar way as a conventional synchronous generator. It can be
used to enhance the stability of the grid during transient events [24]. Figure 3 illustrates the VSM control
implemented in a PMSG-based wind turbine. In this figure, the PMSG is connected to the grid via a back-to-
back VSC. The detailed virtual synchronous control diagram is depicted in Figure 4. The behavior of the VSM
can be modeled by the following swing equation of a traditional SG:

dωV SM
dt

=
Pmec
Ta

− Pgr
Ta

− Pd
Ta

(12)

Here, ωV SM is the angular speed of the VSM of the virtual inertia, Pmec is the virtual mechanical input power,
Pgr is the active power delivered to the grid, and Pd is the damping power. Ta is equivalent to 2H in a
traditional SG. The VSM speed ωV SM can be expressed as a function of the speed deviation δωV SM and the
grid frequency ωgr calculated by the PLL:

ωV SM = δωV SM + ωgr (13)

The VSM angle is expressed by:
dθV SM
dt

= ωV SM .ωb (14)

The damping power can be expressed as a function of the damping coefficient kd as follows:

Pd = kd (ωV SM − ωgr) (15)

278



ABBES et al./Turk J Elec Eng & Comp Sci

PMSG
Generator Side

Converter
Grid Side
Converter

filter

Grid

GSC
CONTROL

Virtual
Synchronous

Control

Isdref Isqref

Udc

Udcref

-

+

Udc

PI
mecP *

grQ

gr   grQ    ,P

Figure 3. VSM control diagram of PMSG-based wind turbine.

Figure 4. Detailed virtual synchronous control.

4. Trajectory sensitivity analysis

As the generator stator and grid transients are neglected, the power system model results in a set of differential
algebraic equations (DAEs) taking the following form: [20]:

ẋ = f (x, y) (16)

0 =

[
g− (x, y, λ) h (x, y, λ) < 0
g+ (x, y, λ) h (x, y, λ) > 0

]
(17)

Here x (t0) = x0 , y (t0) = y0 , and a switching occurs when h (x, y, λ) = 0 . In the above equations, x represents
the generator’s state variables such as rotor angles, speed deviation, and internal voltages. y is the algebraic
variables’ vector, which consists of the magnitudes and the angles of bus voltages. λ describes a set of system
parameters such as line reactance, load powers, or fault clearing time. Let λ0 be the nominal value of a specific
system parameter λ . The trajectory sensitivities of state variables with respect to small variations of λ0 are
given by [24, 25]:

ẋλ =

[
∂f

∂x

]
xλ +

[
∂f

∂y

]
yλ +

[
∂f

∂λ

]
(18)
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0 =

[
∂g

∂x

]
xλ +

[
∂g

∂y

]
yλ +

[
∂g

∂λ

]
(19)

In Eq. (18), xλ = ∂x/∂λ and yλ = ∂y/∂λ . The trajectory sensitivities can be obtained by solving Eqs. (16)
and (17) simultaneously with Eq. (18) using any numerical method. In this work, the fault clearing time tcl is
chosen as the study parameter (λ = tcl ). Afterward, numerical integration of differential equations is used to
resolve the sensitivities equation for two values of tcl (say tcl1 and tcl2 ). Hence, two solutions of state variables
are obtained, which are referred to as x1 and x2 . If ∆tcl is sufficiently small, the sensitivities of state variables
with respect to tcl can be estimated numerically using the following equation [18]:

xλ =
x2 − x1
tcl2 − tcl1

(20)

The sensitivities xλ are calculated for two values of the fault clearing time, which are assumed to be less than
critical time tcr , which induces instability. Extensive experience with power systems shows that sensitivities
undergo larger excursions as the clearing time approaches the critical time. Therefore, they can be used as
a metric to estimate the transient stability of the proposed power systems. In [26], the authors proposed to
use the norm of the sensitivity vector to measure the proximity to instability. This quantity gives information
about the equilibrium state of the overall power system. The sensitivity norm of a power system including an
m-machine is calculated as:

SN =

√√√√ m∑
i=1

((
∂δi
∂tcl

− ∂δj
∂tcl

)2

+

(
∂∆ωri
∂tcl

)2
)

(21)

Here, machine j is selected as the reference. Then the reciprocal norm η is calculated:

η =
1

max (SN )
(22)

As the system approaches instability, the sensitivity terms show higher oscillation and, consequently, the
reciprocal norm η tends to zero. Therefore, it is calculated for two or three values of the clearing time tcl

and the critical time is estimated using linear interpolation.

5. Impact of wind production on transient stability
The test case power system is depicted in Figure 1. In order to identify the best control strategy, the study was
divided into four scenarios. In the first one, the transient stability of the power system is analyzed assuming
that all the generated power is delivered by synchronous generators. The synchronous generator connected to
bus 8 delivers 20% of the produced power. In the following scenarios, the direct drive wind farm is integrated
using three control method, unity power factor (UPF), reactive power control (RPC), and VSM control, to
assess its impact on the transient stability of the overall system. The global wind penetration level is kept
constant (20%) to identify the best production scenario. In all scenarios, the stability index is calculated by
simulating a 3-phase fault occurring in one of the lines of the systems. For the two-area power system, it is
assumed that the fault occurs at the line section connecting buses 3 and 4. Faults are considered to take place
at distances of 10 km, 50 km, and 90 km from bus 4. The simulation starts from the steady-state condition,
which is run for a small time. Then the fault is applied and the system behavior is simulated for a longer time
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(approximately 3 s), and the trajectory of state variables is recorded. The simulation is run once again with a
small variation in the fault clearance time. The considered fault durations are 0.25 s, 0.35 s, and 0.45 s. The
results are presented in the following.

Scenario 1: Synchronous generator
In this scenario, only synchronous generators are considered. Synchronous generator production is equal

to 700 MW and 370 MW respectively for generators G1 and G2. The production of the added SG G3 is
assumed equal to 290 MW. The values of η for different fault locations are listed in Table 2. It is observed
that the reciprocal norm η decreases when the fault duration is increased, regardless of the fault position.
This result is in accordance with the analysis performed in Section 4, and it shows that trajectory sensitivity
analysis represents a reliable measure of stability. It is also noticed that the critical time decreases when the
fault location goes closer to connection bus 8.

Table 2. Values of η0 for different fault locations without the integration of the direct drive wind system.

 

 Values of 
0   

Fault Location Fault clearing time 
Estimated 
critical time 

 0.25 s 0.35 s 0.45 s  

10 km  2.49 1.93 1.55 0.77 

50 km 2.73 2.21 1.95 0.93 

90 km 2.34 2.04 1.86 1.22 

 

Generator behavior during a three-phase fault is depicted in Figure 5a. It is observed that the disturbing
event causes oscillations of all variables. It can be seen that all rotor speeds increase from 50 Hz to a value
around 50.5 Hz. Rotor speeds of G1 and G2 remain in the normal operating range (49.5–50.5 Hz), while the
rotor speed of G3 slightly exceeds this range. The fault also gives rise to subtransient oscillations of active and
reactive power of G2 and G3. After the fault clearance, the produced powers continue to oscillate during a
transient period of 1.5 s before reaching a fixed value (0.5 p.u).

Scenario 2: Transient stability with the PMSG-based wind farm (UPF)
In this scenario, the PMSG-based wind system is operated at unity power factor regardless of network

conditions (Q∗
gr = 0). It is observed that the reciprocal norm decreases compared to the values of Table 2,

regardless of fault location or duration. Consequently, the integration of the wind system deteriorates the
stability of the power system. Indeed, the power produced by the wind farm is electromechanically decoupled
from the grid and it does not contribute to the power system inertia [6]. Thus, synchronous generators will
experience higher changes in rotor speeds during disturbances as depicted in Figure 5b. The rotor speeds of G1
and G2 exceed the limit of 50.5 Hz. Active and reactive powers produced by the wind farm go back to their
initial values after the fault clearance due to the action of current control loops.

Scenario 3: Transient stability with the PMSG-based wind farm (RPC)
In this scenario, CCTs are found equal to 1.12 s, 1.38 s, and 0.72 s, respectively, for distances of 10, 50,

and 90 km. The obtained CCTs are higher than in the previous scenario, which uses UPF control. This result
confirms the importance of injecting reactive power to support the grid voltage. Figure 5c shows the rotor speed
of the synchronous generators. When reactive power is injected into the grid, the power system shows a higher
ability to keep synchronism between the interconnected synchronous generators.
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Figure 5. Generator behavior, rotor speeds of synchronous generators, and active and reactive powers delivered by bus
8 generation system during a three-phase fault: (a) Scenario 1, (b) Scenario 2, (c) Scenario 3, (d) Scenario 4.

Scenario 4: Transient stability with the PMSG-based wind farm (VSM)
In this scenario, the performances of VSM control are investigated. Figure 5d shows the rotor speeds of

G1 and G2, which exceed the limit value of 50.5 Hz. It is noted that VSM control performs better than UPF
control in terms of smoothing the oscillations of rotor speeds.

Figure 6 summarizes the obtained critical times for the above-mentioned scenarios. When the fault
location is close to the bus of common connection (10 km), the direct drive technology with RPC gives higher
critical time (1.12 s), followed by the VSM control and finally the UPF control. For distant fault locations (90
km), the synchronous generator gives a better stability level (1.45 s). The stability level with RPC (0.72 s) is
close to the stability level with VSM control (0.8 s). By comparing the above results, it is noted that the best
control strategy for the variable speed wind system consists of using the full power of the grid-side converter
to support the grid voltage with reactive power injection. Therefore, it is important to improve the transient
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performances of the VSM control in order to go as much as possible up to the behavior of real synchronous
generators during faults.

10 km

50 km

90 km

0

0.2

0.4

0.6

0.8

1

1.2

1.4

SG
VS-WF 
(UPF)

VS-WF 
(RPC) VS-WF 

(VSM)

Critical Clearing Time (s)

10 km

50 km

90 km

Figure 6. CCT of the different scenarios as a function of fault locations.

6. Improved VSM control of PMSG-based wind farms
From the previous analysis, it is concluded that RPC gives the best level of stability, followed by the VSM
control. The objective of this section is to improve the transient performances of the VSM control strategy.
It is proposed to calculate the reference powers P ∗

gr and Q∗
gr delivered by the VSM (Figure 4) based on the

transient model of the synchronous generator rather than the steady-state equations [21]. This model adopts
the quasi-sinusoidal approximation; that is, the stator terms dψs

dt are omitted in Park’s equations of the grid-
connected synchronous generators. With this assumption, the stator voltages in the per unit system are given
by:

ugd = −ψsq −Rs · igd (23)

ugq = ψsd −Rs · igq (24)

ugd and ugq are the dq components of the grid voltage Ūg . During transients, the variation of the rotor speed
with respect to the nominal speed is relatively small and its effect on stator voltages remains insignificant. Thus,
in the above equations, ωr ≈ 1 . In addition, the effect of dampers is neglected. The flux equations are given
by:

ψsd = −Xdigd +Xsdifd (25)

ψsq = −Xqigq (26)

ψfd = Xffd · ifd −Xsdigd (27)

Here, Xd and Xq are respectively the d-axis and q-axis reactance, Xsd represents the d-axis mutual inductance
between the stator and the rotor windings, and Xffd is the self inductance of the field circuit. The rotor circuit
voltage equation is written as follows:

1

ωb

dψfd
dt

= vfd −Rf · ifd (28)
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Generally, the above equations are written as a function of Etq = Xsd

Xffd
ψfd and Efd =

Xsd

Rf
vfd [21, 22]. Eq. (28)

becomes:
dEtq
dt

=
ωbRf
Xffd

Efd −
ωroXsd

Xffd
Rf · ifd (29)

By introducing Etq in Eq. (27), it becomes:

Etq = Xsdifd −
X2
sd

Xffd
igd (30)

The transient inductance along axis d is defined by [24]:

Xt
d = Xd −

X2
sd

Xffd
(31)

By inserting Eqs. (31)and (30) into Eq. (29), the rotor winding equation becomes:

dEtq
dt

=
1

T td0

(
Efd − Etq −

(
Xd −Xt

d

)
igd
)

(32)

T td0 =
Xffd

ωroRf
=

Xfd+Xsd

ωroRf
is the open-circuit time constant of the rotor. Neglecting the resistance Rs , and

inserting Eqs. (25) and (31) into Eq. (24), the following expression of current igd is obtained:

igd =
Etq − ugq

Xt
d

(33)

Then the differential equations of the VSM in the dq frame are expressed as follows:

dθV SM
dt

= ωV SM .ωb (34)

dωV SM
dt

=
1

2H
(−kd (ωV SM − ωgr) + Pmec − Pgr) (35)

T td0
dEtq
dt

= −Xd

Xt
d

Etq +

(
Xd

Xt
d

− 1

)
Ugcos (θV SM − θgr) + Efd (36)

This model is implemented to achieve the VSM control of the PMSG-based wind farm as presented in Figure
4. Active and reactive power references delivered by the VSM are calculated based on this transient model:

P ∗
gr =

Etq
Xt
d

Ug sin (θV SM − θg) + 0.5

(
1

Xq
− 1

Xt
d

)
U2
g sin (2(θV SM − θg)) (37)

Q∗
gr =

Etq
Xt
d

Ugcos(θV SM − θg) + 0.5Ug
2

(
1

Xq
− 1

Xt
d

)
cos (2(θV SM − θg)) + 0.5

1

Xq
Ug

2

(
1

Xt
d
− 1

Xq

)
(38)
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Figure 7a shows active and reactive power references P ∗
gr and Q∗

gr as a function of the internal angle of the
VSM when the steady-state equations are used. It is noted that, when the grid voltage drops to 10 % of the
rated value, the active power decreases to a value around 0.05 p.u. for the given point of operation. For the
reactive power Q∗

gr , it increases from 0 to 0.08 p.u. Hence, the wind farm does not effectively support the grid
voltage. Figure 7b illustrates the delivered active and reactive powers when the VSM uses the transient model
of the synchronous generator. During the voltage dip, the reference reactive power increases to 0.3 p.u. This
value is significantly higher than in the previous case, which means that improved VSM control can efficiently
support the grid voltage and improve the stability level of the power system.
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Figure 7. Power references delivered by VSM as a function of the virtual internal angle (Pmec = 0.45p.u): (a) classical
model, (b) improved VSM model.

To verify the advantages of the improved VSM control, two operating points of the power system were
considered as depicted in Figure 8. Generator behaviors were simulated assuming a three-phase fault that
occurs at a distance of 10 km from bus 4. In the first case, the PMSG-based wind farm is assumed to produce
20% of the total generated power. Figure 8a depicts the active and reactive powers delivered to the grid when
the classical and the improved VSM are used. When the fault occurs, the active power delivered by the IVSM
control equals the average power delivered by the SG and it injects more than 0.5 p.u. of reactive power while
the classical VSM control injects less than the half of this value. During the postfault period, power oscillations
with the improved VSM are close to the transient response of the SG, whereas subtransient oscillations are
removed. With the classical VSM, the produced powers are constant and they return gradually to their initial
values. In the second scenario (Figure 8b), the penetration rate of the wind power was increased to 31%.
Again, it is observed that the «PQ» power produced with the improved VSM is almost equal to the average
power produced by the SG. The wind farm supports the grid voltage with a reactive power production of 0.45
while the classical VSM gives only 0.2 p.u. In the moments subsequent to the fault, active and reactive powers
are almost equal to the power produced by the SG. However, for the classical VSM, the reactive power takes
a negative value, which means that the wind farm does not provide primary voltage control. Hence, with the
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improved VSM control, the wind farm supports the grid voltage more efficiently and it behaves more and more
like conventional power plants.
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Figure 8. Active and reactive powers delivered to the grid by the SG and the PMSG-based wind farm with the two
VSM controls in the event of a three-phase fault: (a) 20% penetration rate, (b) 31% penetration rate.

In order to evaluate the impact of this solution on the overall stability level of the power system, the
CCTs were calculated for the two production patterns (20% and 31% penetration rate) and for different fault
locations (Figure 9). For the first case (Figure 9a), it is noted that the improved VSM gives the highest value
of the CCTs (0.8 s for 10 km, 1.19 s for 50 km, and 1.78 s for 90 km), followed by the SG (0.79 s for 10 km,
0.88 s for 50 km, and 1.2 s for 90 km). The stability level is significantly affected when the penetration rate
of wind power is increased to 31%, as depicted in Figure 9b. The CCTs drop around 0.54–0.64 s for the two
control strategies; however, the improved VSM control gives the highest values. Thus, it is concluded that with
the improved VSM control, the power system attains a good level of stability compared to the classical VSM.
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Figure 9. CCTs given by the SG, VSM, and IVSM as functions of fault locations: (a) with a penetration rate of 20%,
(b) with a penetration rate of 31%.

286



ABBES et al./Turk J Elec Eng & Comp Sci

7. Conclusion
In this paper, the impact of PMSG-based wind farms using different control modes on power system transient
stability was analyzed. First, the power system and the direct drive wind system were modeled. Using the
trajectory sensitivity approach, the critical clearing time in a variety of production scenarios was calculated.
By considering the CCT as a stability index, the transient stability of the power system was analyzed assuming
a wind power penetration rate of approximately 20%. It was found that RPC gives the best transient stability
level, followed by the classical VSM control. Hence, an improved VSM control was proposed based on the
transient model of SGs. The proposed method has given excellent results in terms of transient stability
improvement compared to the classical model of the VSM control.
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