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ABSTRACT: Renewable energy sources have undergone rapid advancement in technology and application, in order to
meet the ever growing global demand for energy. Their integration into the grid has caused challenges to the reliability
and stability of power systems. Specifically, the wind power generation has accounted for the large share of renewable
energy, and its integration has affected the system inertia, thus impacting power system stability. Therefore, analyzing
the impact of the wind power generation on the system stability is significant to improve the system security. In this
paper, a Doubly Fed Induction Generator was applied to study the effect of wind power on the power system transient
stability. Although the impact of wind power integration on the system stability has been studied in detail, the impact of
fault location on the system’s transient stability is not reported in literature. In this paper, the impact of fault location
with different levels of wind power integration on the system transient stability was investigated. The IEEE 9 Bus
system was studied using DIgSILENT PowerFactory. The time domain results showed that the wind power integration
increases or decreases the system transient stability, depending on the location of the fault and the wind power
penetration level.

KEYWORDS: Wind Power penetration, Transient Stability, Fault Location, Rotor Angle.

ILINTRODUCTION

In recent years, there has been an increase in the world population, which has increased the global energy usage.
Conventional sources of energy have been used in the past to meet this growing demand. However, this has caused
negative effects on the environment and energy policies have shifted towards renewable energy. Renewable energy
sources are favoured because they are inexhaustible in nature. Therefore, there are ongoing efforts to integrate them
into the main grid.

Wind energy is an infinite energy source with limited impacts on the environment. It has proven to be one of the most
effective renewable energy sources, with relatively high efficiency, costs of power generation are competitive with
conventional sources and a means to reduce carbon emissions [1]. The majority of the wind turbines are equipped with
Doubly Fed Induction Generators (DFIGs). With the Wind Power System, the DFIG is grid connected at the stator
terminals and the rotor terminals are connected via the variable frequency AC-DC-AC converter. The converter
consists of the Grid Side converter (GSC) and the Rotor Side Converter (RSC), which are linked via a back-to-back dc
link capacitor [2]. The DFIG offers a number of benefits as compared to other wind turbines such as decoupled
controllability, improved power quality, affordable and high power conversion efficiency [3].

If there is high penetration of wind power generation in an interconnected grid, it lowers the inertia of the power
system. Thus, the integration of wind power impacts the system rotor angle stability, which has been an area of concern
[4]. Therefore, it is important to analyze the impact of location of wind power integration on the system transient
stability.
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The power network is affected by both the small and large disturbances. Most importantly, the network should be able
to withstand large disturbances such as loss of a generator or transmission line [5]. If the system is able to withstand a
large fault, the system transient stability is recovered. Stability could be recovered after one of the power components
has tripped, or the network is divided into islands in order for the system to remain operational. Sustained faults will
lead to an increased angular separation and decrease in bus voltage. The low system voltages will lead to cascading
outages and the main part of the network will shut down.

In a traditional power system, the synchronous generator is an essential part of the power system that contributes to
network stability. In case of a large disturbance, the exciter regulates the voltage of the system. However, the
Synchronous Generator (SG) has capability limits, so in case the large disturbance is significant, the rate of change of
the rotor angle will increase, bringing the machine closer to loss of synchronism. Compared with the SG, the wind
turbines are seen as weak capability for riding through faults due to induction generators and power electronics
interface [6]. The voltage sag can lead to an increase in the rotor current, which can destroy the valves. For protection
purposes, the DFIG converters have to be tripped from the system and then the wind generator should be disconnected
from the power system[7].

The dynamic response of the DFIG depends on the control operation of the converters in the system, which is different
from the operation of the synchronous generators. With the increase of wind power penetration into the grid, it has
become important to effectively evaluate the impact of integration of DFIG on the transient stability. The influence of
the DFIG integration on the power system has been studied considerably and the rotor angle response to the fault has
been investigated. The authors in [8] investigated different network structures, penetration levels of the DFIG and
points of common coupling to evaluate the impact of the DFIGs on system stability. It was deduced that the power
angle characteristics are improved with increase in the wind power. The authors in [9] investigated the relationship
between wind power generation and the rotor angle stability of conventional synchronous generators, with the
viewpoint of controlling reactive power using the variable speed wind turbine generators in the network. The authors
deduced that wind power generation system can be utilized to control voltage and reactive power in the system and
boost stability. An evaluation of the wind turbine contribution to the frequency control of the non-interconnected island
systems was done in [10]. The authors reported that the wind turbines provided crucial active power during transient
events that boosted the system stability. A novel frequency regulation by DFIG-based wind turbines was presented in
terms of coordinating inertial control, rotor speed control and pitch angle control for the low, medium, and high wind
speed mode [11].

In [12], the dynamic mathematical model of the DFIG suitable for transient stability analysis was studied. It was
demonstrated that the proportional gain of the speed and voltage control could be used to enhance the stability of the
DFIG. The authors in [13] presented a detailed analysis of the windmill mechanical models for transient stability
analysis of wind power systems. A two-shaft mass model produced better results for transient stability analysis of wind
power generation systems, as compared with the single shaft mass model. The model of the wind turbine in the DFIG
to demonstrate that the transient stability can be maintained after a disturbance was investigated in [14]. The authors
deduced that a complete DFIG model was suitable for the analysis of the interaction between the wind system and the
power system. The authors in [7] concluded that the transient stability of the 39-bus system improved with wind
integration. The analysis of the impact of large-scale wind generation on the transient and voltage stability of the
system was investigated in [15]. The investigation was done with different wind penetration levels. It was concluded
that the Static VVoltage Compensator (SVC) enhanced the wind power penetration when compared with a system with
no SVC. The interactions between the wind farm and synchronous generator were analyzed in [16] with consideration
of wind power penetration level and load models during simulation comparisons. The analysis showed that under
specific fault conditions, the increased wind power penetration level improved the transient stability. In [17], it was
deduced that the increasing wind power penetration in the system worsens the transient stability performance. A new
quantitative assessment of transient stability for power systems integrated with DFIG was proposed in [18]. The results
showed that power systems integrated with wind energy are more sensitive to transient events than the conventional
systems. The authors in [19] evaluated the impact of the DFIG integrated in the power system on the transient stability,
considering key factors such as the location of the wind farm and the wind speed. The evaluation showed that
increasing wind power penetration reduced the system stability.

There has been considerable research done on the transient stability performance of power systems with wind power
integration. However, the fault location, location of the DFIG and level of wind power penetration, as factors affecting
the wind integrated system performance is yet to be studied. Therefore, the study of the system performance is
simulated using DIgSILENT PowerFactory to determine the transient stability of a power system integrated with DFIG
system.
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The paper is organized as follows: Section 1 is an introduction and the system components modelling is presented in
Section 2. The test system and the simulated scenarios are presented in Section 3 whereas the simulation results and
conclusions are presented in sections 4 and 5, respectively.

I1.POWER SYSTEM MODELLING
A. Modeling of the Wind Power Generation System

A wind power generation system consists of the prime mover, DFIG, gear box, converters and the controller. The prime
mover extracts kinetic energy from the wind using the turbine blades and converts it into mechanical torque which is
used by the induction generator to supply electrical power.

The stator winding is connected to the power system directly whereas the rotor is connected to the grid through back-
to-back converters. The rotor side converter is connected to the slip rings of the rotor and the grid side converter is
connected to the external power system. The DC capacitor connected in between the converters is the DC Voltage
source for AC/DC power transformation. The structure of the DFIG wind power generation system is shown in the
figure 1 [20] .
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Figure 1; Wind Power System

The kinetic energy extracted from the wind by turbine blades is given by
P = 2 pTRZYIC, )

Where B, is the mechanical power from the wind turbine, p is the air density, R is the blade radius of wind turbine, V,
is the wind speed, C,, is the power coefficient and a function of the tip speed ratio A and blade pitch angle g which is
given by
C, (. B) =3 (5L - 0.0228 - 2) g-02255 @)
p I; T2\ 12 )
= Rwe
r=52 ®)
Where C; is the blade design constant coefficient and w, is the rotational speed of the wind turbine.

When the wind speed increases above the rated speed, the blade pitch angle controller is applied in the wind turbine.
The blade pitch angle consists of proportional integral (P1) controller and servomechanism and it controls the speed

IJAREEIE © 2021 | AnISO 9001:2008 Certified Journal | 1165


http://www.ijareeie.com/

International Journal of Advanced Research in Electrical, Electronics and Instrumentation Engineering (IJAREEIE)

| e-ISSN: 2278 — 8875, p-1SSN: 2320 — 3765| www.ijareeie.com | Impact Factor: 7.122|

|| Volume 10, Issue 4, April 2021 ||
DOI:10.15662/1JAREEIE.2021.1004033

deviation of the rotor blades. Beyond the rated wind speed, the speed deviation is regulated by the pitch angle
controller.

The drive train is represented by the generators high speed shaft and the turbine low speed shaft, coupled with a gear
box. The model is given by;

dw¢

2H, 2 = Ty — T (4)
2Hy S = Ty = Tem 5)
D = e — wy (6)
Ty = Kgp * Oy + Dy + 02 (7
Ty = 2 ®)
Tom = ©)

Where H, is the inertia constant of the wind turbine, H, is the inertia constant of the generator, T, is the mechanical
torque of the wind turbine, T, is the electromagnetic torque of the generator, T, is the shaft torque, 8,,, is the shaft
twist angle, Ky, is the shaft stiffness coefficient, Dy, is the damping coefficient, P, is the active power of the
generator’s stator winding.

B. Modelling of the DFIG converter
The dynamic model of the DFIG rotor side is expressed as

dE! ; _ wsl 11pr !
= sy =S5 B O XDa] (00
dEg

1 Wslym
Tl —swsEy —

sy, —— B — (X — X)) (11)
T 0

Where Ej is the d axis voltage behind the transient reactance, Ej is the g axis voltage behind the transient reactance,
V,q is the d axis voltage on rotor side of DFIG, V., the g axis voltage on rotor side of DFIG, I, is the d axis current on
stator side of DFIG, I, is the g axis current on stator side of DFIG, s is the rotor slip of DFIG, w; is the synchronous
rotational speed, L, is the self inductance on the stator side of DFIG, L,, is the mutual inductance on the stator side of
DFIG, Ty is the circuit time constant on the rotor side of DFIG, X; is the reactance on the stator side of DFIG, X; is the
transient reactance on the stator side of DFIG.

The dynamic model of the grid side converter of the DFIG is expressed as

X.é dlsq 1 ! ! Lm 1 1 ’

Bt _y,, - R, + o (K= XD lea = (1= )Eq + 220y + o Ea + Xlsg (12)
X dlsa (R + = (X — XD| sy — (1 = S)E, + 22V, + — ) + X1 13
w_sdt_sq_ s+w5TO’(S_ ) sq_( _S)q+Z rd+w5T0' a 1t Xslsa (13)

Where V, is the d-axis voltage on the DFIG stator, V;, is the g-axis voltage on the stator side of DFIG, R; is the
resistance on the stator side of DFIG.

Neglecting the power losses in the rotor side and grid side converters, the active power can keep balanced through the
two converters, given by;

B = Rgc + Pcap (14)

Where B, is the active power in the rotor side converter, F is the active power in the grid side converter, P, is the
active power in the DC capacitor. The expressions are given by;
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Be =Vialra + qu[rq (15)

Rgc = Vsqlsq + Vsqlsq (16)
ave

Pcap = Vdcldc = Cchdcd—? (17)

Where I, is the d-axis current on rotor side of DFIG, I, is the g-axis current on rotor side of DFIG, I, is the d-axis
current of the grid side converter, I, is the g-axis current of grid side converter, V. is the DC voltage of DC capacitor,
I4. is the DC current of DC capacitor, C,. is the capacitance of DC capacitor. Therefore, the dynamic model of the DC
link is expressed as

Wac 1

a CacVdc Vralra + Viglrq = Vsalga — VSqlgq) (18)

C. Swing Equation

Under normal operating conditions of the synchronous generator, the relative position of the rotor angle and the
resultant axis of the magnetic field is constant. When a fault occurs, the rotor will speed up or slow down depending on
the air gap magnetomotive force that rotates synchronously, resulting in relative motion. This motion is represented by

the swing equation.
H d?§ H d?8
EF_?%F_PM_& (19)

Where f is natural frequency, H is the inertia constant, & is the rotor angle of the generator, B, is the input mechanical
power and P, is the electrical power developed by the generator.

When the rotor acceleration reaches the maximum power transfer, the kinetic energy gained during the acceleration
period has not been entirely spent, which results into a large rotor speed and the rotor angle, & continues to increase.
After exceeding the maximum power transfer, P, is smaller than B, making the rotor acceleraton to proceed. The
speed and angle of the rotor continuously increase, edging the machine closer to instability.

IHI.METHODOLOGY

Stability is analyzed based on the rotor angle. The rotor angle is measured against the bus voltages in the multi machine
system. The relative rotor angles for individual machines were referenced based on the voltage angle, rotor angle and
the reference machine angle [15].

The reference machine voltage angle was set to zero and the voltage phase of other buses are measured against the
reference machine voltage vector.

If the rotor angle difference between the machines is greater than 90 degrees, the system edges closer to loss of stability
and the voltage drop is instantaneous.

A. Test System

The modified IEEE 9 bus system was used for the study and modelled using DIgSILENT PowerFactory. The system’s
single line diagram is given in figure 2 [16].
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Figure 2; Modified IEEE 9 Bus system
The operating conditions are given in the appendix. The generators are manually controlled in order to evaluate the

effect of the wind power system dynamics on the power system.The synchronous generators are sixth order models and

the static load models were used with active and reactive power. The transmission lines are modelled as pi model and
the transformer resistance losses are neglected.

B. Scenario Formulation

Simulations were run for different scenarios of fault location and wind power generation replacing either synchronous
generators G2 or G3. The scenarios are as tabulated in table 1:

Table 1: Simulation scenarios

Fault Wind Power replacing G2 output | Wind Power replacing G3 output (MW)-
location (MW)-Scenario A Scenario B

Line 2 25 50 163 25 50 85

Line 5 25 50 163 25 50 85

Each of the DFIG units used had a capacity of 5SMW. The output of the conventional generator G3 was gradually
replaced by integrating 25MW, 50MW wind power before full replacement of the synchronous generator. The same
procedure was followed for generator G2. The full capacity of the two generators is different because the generator G2
was operating at a capacity of 163MW and the generator G3 was operating at a capacity of 85SMW.

The fault was introduced at 30% of the line 2 and line 5 at 1 second and the circuit breakers on both ends of the line

were opened after 100 milliseconds. Line 2 and Line 5 were considered in this study because they are long lines and the
most heavily loaded lines in the system. The system response of the two generators G2 and G3 were studied, with the
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system response for G2 studied while wind integration was on G3 bus and G3 studied while the wind integration was
on G2 bus. The system response to the three phase fault was analyzed in correspondence with the gradual increment of
wind power penetration replacing the active power output of the synchronous generators G2 and G3.

The electromechanical simulations are carried out in DIgSilent and the Critical Clearing Time is determined using the
critical fault screening program in DlgSilent [17].

IV.RESULTS AND DISCUSSIONS
A. Wind integration at G3 bus

In scenario A, the wind power was integrated at bus 11 to gradually replace the active power output of generator G3.
The figure 3 represents the rotor angle response of generator G2 to the three phase fault on Line 2.

9000

N

80.00

\ o

8000

5000 I

4000
0.0000 1.0000 2.0000 3.0000 4.0000 sl 50000

— 32 BEMW Wind Fower
— G2: SOMV Wind Power
G2: 25MW Wind Power

— 32 N Wind

Figure 3; Rotor Angle response of G2 to a fault at Line 2
It can be observed from Figure 3 that the first swing increased with increase in wind power penetration. The increasing
amplitude of the angular oscillations occurred with increase in wind power integration. This implied that the transient
stability of the generator reduced as the wind power integration increased.

The figure 4 shows the rotor angle response of the generator G2 when the fault is located on Line 5.
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Figure 4; Rotor Angle response of G2 to a fault on Line 5

When the fault is introduced at line 5, the amplitude of the angular oscillations decreased with increasing wind
penetration. The settling time of the oscillations reduced as the wind integration increased. This implied that the
transient stability of the generator improved with increasing wind integration.

B. Wind integration at G2

In scenario B, the wind power was integrated on bus 2, gradually replacing the active power capacity of the
synchronous generator G2. A three phase fault was applied at line 2 and the angular response of G3 was studied. From
figure 5 below, the amplitude of the angular oscillations reduced with increasing wind penetration. The settling time of
the oscillations reduced with increasing wind power penetration. This, implied an improvement in the transient stability
of the generator G3 as the wind power penetration increased on generator G2.
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Figure 5; Rotor Angle response of G3 to a fault at Line 2
When the fault occurred on line 5 as shown in figure 6, the rise time of the angular oscillations increased with wind

power penetration increase. The settling time of the oscillations increased, implying that the generator G3 took longer
to attain transient stability, as the wind integration on generator G2 increased.

8000

[deg]

7000

60.00

40.00

3000 g - g
0.0000 1.0000 2.0000 20000 4.0000 sl 5.0000

63 1831 Wind Power
G3: S0MW Wind Power

G3. 25MW Wind Pawer
63 No Wind

Figure 6; Rotor Angle response of G3 to fault at Line 5
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C. Critical Clearing Time

The Critical Clearing Time (CCT) of the two generators was tabulated as shown in table 2 below. The table shows the
results for the fault at Line 2 and Line 5.

Table 2; Critical Clearing Time of the Generators G2 and G3 for a fault at Line 2 and Line 5

Fault location | CCT of generator G3 for wind | CCT of generator G2 for wind
integration on G2 bus (ms) integration on G3 bus (ms)

Wind No 25 50 163 No 25 50 85

Capacity Wind Wind

(MW)

Faultat Line 2 | 477 620 869 2606 477 439 385 241

Faultat Line5 | 778 770 762 109 778 1450 1874 1889

From the above table 2, it was observed that as the wind power penetration increased, the CCT for the generator
reduced when it was electrically close to the fault and increased when the fault was located farther from the generator.

From the results above, the stability in the wind power integrated systems depends on the following;

Fault location
1. When the fault occurred close to the wind farm, the transient stability of the generator increased with wind
power integration.
2. When the fault occurred farther from the wind farm, the transient stability of the generator reduced with
increasing wind power integration.

Location of the wind farm
The location of the wind farm in the power system improved or reduced the transient stability, depending on the
locations of the fault in the system.

Wind penetration
Increasing wind power penetration into the power system improved or worsened the angular stability, depending on the
location of the fault.

V. CONCLUSION

The rotor angle stability of the wind power integrated systems was studied and the system response of the rotor angle
for the synchronous generators G2 and G3 were obtained. The impact of location of the wind farm, wind penetration
level, and fault location on the transient stability performance of the power system were investigated. The results
showed that the system stability of the wind integrated power system was affected by the wind penetration levels,
location of the wind farm and the location of the fault.

The simulation results of the modified IEEE 9 Bus system showed that the wind penetration increases or decreases the
transient stability of the system depending on the fault location and the wind power penetration level. It was shown that
DFIG integration improved the system transient stability if the fault was located close to the wind farm. On the other
hand, the transient stability deteriorated if the fault occurred farther from the wind farm.
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APPENDIX

Modified IEEE 9-bus system data

The network values in per unit form are to the common base of 250MVA and 230kV to the high voltage of the

transformer

Generator Data

Type Gl G2 G3

Nominal Power (MVA) 512 270 125

Nominal Voltage (L-L) 24 18 15.5

X4 (pu) 1.7 1.7 1.22

X4 (pu) 0.27 0.256 0.174

X4 (pu) 0.2 0.185 0.134

T4 (5) 3.8 4.8 8.97

T4 (5) 0.01 0.01 0.033

Xq (pu) 1.65 1.62 1.16

X, (pu) 0.47 0.245 0.25

X’y (pu) 0.2 0.185 0.134

T4 (5) 0.48 0.5 0.5

T’ (5) 0.0007 0.0007 0.07

Ra (pu) 0.004 0.0016 0.004

XL (puw) 0.16 0.155 0.0078

H (s) 2.6312 4.1296 4.768

Load Data

Item Load Active Power (MW) Reactive power (MVar)

1 A 125 50

2 B 90 30

3 C 100 35

System Operating Conditions

Item | Parameter G1 (Slack Bus) G2 bus G3 bus

1 Voltage (pu) 1.04 1.025 1.025

2 Power angle (°) 0 9.3 4.7

Transmission line data (The lines are assumed to be 1km long)

Item | Line Resistance Reactance Susceptance (pn/km)
Section (Q/km) (Q/km)

1 4-5 5.29 44.965 332.7

2 4-6 8.993 48.668 298.69

3 5-7 16.928 85.169 578.45

4 7-8 4.4965 38.088 281.66

5 8-9 6.2951 53.3232 395.08

6 6-9 20.631 89.93 676.75

Transformer data

Item | Parameter T, T, LE

1 Rated MVA 250 200 150

2 Rated kV 16.5/230 18/230 13.8/230

3 Positive sequence reactance (pu) 0.144 0.125 0.0879

4 Positive sequence resistance (pu) | 0 0 0
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