©

DT X ST

<

A I SR )

S
g

= <

S

N

>

Transient Stability Analysis of Power System
with Grid Integration of Wind Generation

D. Rakesh Chandra, F. Grimaccia, M. Sailaja Kumari, M. Sydulu, M. Mussetta

Nomenclature

Rotor Inertia

Turbine inertia

Current w.r.to real axis
Current w.r.to imaginary axis
d- axis stator current

d- axis converter current

g- axis converter current

g- axis stator current

Shaft Stiffness
Active Power
Rotor side active power

Mechanical Power

Reactive power

Rotor side reactive power
Stator Resistance

Electrical torque

Mechanical torque

Voltage w.r.to real axis
Voltage w.r.to imaginary axis

d- axis stator voltage

Vs g- axis stator voltage

V, d- axis rotor voltage

Vqr g- axis rotor voltage

Vae q- axis converter voltage
Ve d- axis converter voltage
Xo Total reactance

X Stator reactance

X, Magnetizing reactance
Vs d- axis stator flux linkage
Vs g- axis stator flux linkage

I. Introduction

Wind energy is abundant in nature and pollution free.
In recent days, wind power generation has been
increasing continuously worldwide. Currently fixed
speed and variable speed induction generators are used
for wind power generation.

Thus integration of wind power into grid raises issues
like voltage stability, transient stability. Power system
stability depends on parameters which belong to turbines,
generators and control systems.

They affect both small signal stability and transient
stability [1].



Investigated using a multilayered neural network to
determine the transient stability of power system using
PSAT software. In [2] modeling and design of a doubly
fed induction generator and its converter have been
discussed for stability issues. Dynamic modeling of
DFIG wind turbine and its controller’s description to
improve transient stability of system has been discussed
in [3]. Analysis of different types of wind turbines and
their technology, design issues, advantages and
disadvantages have also been described. Comparison of
different wind turbines based on their cost-performance
is presented and their actual market share is also included
in [4], [5]. The impact of large scale wind penetration of
DFIG wind turbine on small signal stability, transient
stability and their sensitivity analysis has been discussed
in [6]. Relation between wind power penetration and
rotor angle stability has been explored in [7].

In [8] the impacts of wind power on power systems
voltage and transient stability have been discussed
evaluating the effect of fixed and variable speed grid
connected induction generators on power system voltage
stability. It is also observed that integration of large scale
wind power into the transmission network has the
potential to improve voltage stability of grid by injecting
the appropriate amount of reactive power [9].

In [10] the authors investigated modeling and transient
stability analysis of integrated wind power with a
modified IEEE 14 bus system. In [11] a comparison is
made among 3 main types of wind turbines such as
constant speed wind turbine (CSWT), Doubly Fed
Induction Generator (DFIG) and Direct Drive
Synchronous Generator (DDSG).

Transient characteristics were analyzed for all types of
wind turbines and simulated in a network with fault.

Small signal stability of the system with Squirrel Cage
Induction Generator (SCIG) has been discussed in [12]
using PSAT with localization of Eigen values which
represented small signal stability. DFIG behavior for grid
disturbances is simulated and experimental validation
done in [13]. In [14] different rotor current control
methods of DFIG wind turbines and role of converter to
design DFIG are presented. Nordic grid model is
implemented using PSAT and it is also validated through
time domain simulation by applying small and large
disturbances in [15].

Simple DFIG wind turbine model has been developed
and implemented for grid integration studies in [16],
[17]. Proposed a new control method to improve SCIG
wind turbine performance at all operating regions and its
mathematical model is described. Large scale wind
power integration into the grid and its impacts on small
signal stability of power system with permanent magnet
synchronous generator has been discussed in [18], [19].

Discussed Wind power integration impact on
generation and dispatch of power system and optimal
operation has been performed. This paper investigates
transient stability of two different wind generator
configurations when connected to modified IEEE 14 bus
system.

The paper also describes the mathematical modeling
of these wind generators. All the simulations have been
performed using PSAT software version 2.1.8 [20].

After simulations the results of all the wind turbine
generators for various cases are compared and analyzed.
Discussion on system behavior for 3 phase fault at a bus
is presented and conclusion drawn.

II. Mathematical Modeling and Control

In this section two wind turbine designing, controlling
models are analyzed and their mathematical models are
illustrated, namely SCIG and DFIG wind turbines. Here
SCIG is a fixed speed turbine where as DFIG is variable
speed wind turbines.

The main design criterion for wind turbine is based on
average wind speed. Generally wind speed ranges from 7
to 10m/s for a good windy site. Maximum power
extraction for wind turbines can be possible between 10
to 15m/s. Higher wind speeds have a low frequency of
occurrence, due to which oversized wind turbines are not
economical.

The wind turbine operates at constant power if the
speed is above rated speed and it operates until cutout
speed is reached. Higher wind speed will lead to more
stress on wind turbine. Therefore, wind turbine needs a
control mechanism in order to regulate the generated
power [21].

I1.1. SCIG Wind Turbine

The simplest electrical configuration of a wind turbine
is fixed speed type wind turbine with squirrel cage
induction generator. SCIG consists of mechanical drive
train, blade control system, reactive power compensation
device, induction generator. SCIG operates at fixed speed
i.e. maximum variation in the rotor speed is 2% only.

In this configuration reactive power compensation can
be done dynamically to meet power demand.

SCIG equations are developed with respect to real (r)
and imaginary (m) axis in terms of network reference
angle.

The power absorbed is given by:

P =v,i, + Vi, )

. . 2 2
Q =Vl =Vl t bc (Vr + vm) (2)

where b, is the fixed capacitor conductance. The voltage

differential equations which were behind the stator
resistance r, are given by:

e, —v,=rgi.—xi, and e, —v, =rgi, +xi. (3)

The relation between currents, voltage and state
variables is as follows:
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In (5), (6) xp, x and T, are calculated from the

generator parameters:

Xp =X, + X, (6)
'xR +xm
o XptX
T, _ IR T m (8)
Q, 1z

The differential equations in terms of mechanical
parameters such as rotor inertia H,,, turbine inertia H,,

and shaft stiffness K are given by:

&, =(T,, —K,y)/(2H,, )and ©)
@, =(K,y-T,)/(2H,,)

7}:Qb (wwr_wm) (10)
where T, (electrical torque) is given by :

T,=ci +e,i, (11)

The mechanical torque is:

T, =—~ 12)

In (12) P, is the mechanical power extracted from

wind. The wind and rotor speeds are related by (13):
P,=Cc (2)Av) (13)

p = air density

¢, = Rotor power coefficient

A = Tip speed ratio

A, = Area of cross section of rotor
V., = Wind speed

11.2.  DFIG Wind Turbine

A large number of modern wind turbines are equipped
with a DFIG that has the stator connected directly to the
electrical network, that means it operates synchronously

at the network frequency, and the three phase wound
rotor connected via a back-to-back voltage source
converter. In doubly fed induction generator steady state
electrical equations are assumed, considering that the
flux dynamics of stator and rotor are fast in comparison
with grid dynamics, and the generator decoupling from
the grid can be done by the converter control mechanism.
These assumptions lead to the following equations:

Vg = ~Tgly + ((xs T X )iqs + xmiqr) 14
qu = _rS iqs - ((‘xS + xm )ids + xmidr) (15)
v, =Ty, + (1 -, )((XR +x, )iqr + xmiqs) (16)

v‘]r = _rRiqr - (1 - a)m )((XR + xm )idr + xmids) (17)

The injected active and reactive power into the grid
depends on both stator current and grid side current of
the converter. Final equations are given by (18), (19).

Where d, s, g, ¢ denote d-axis, stator, g-axis and
converter respectively:

P=v,i; +v,i

asigs T Vaclae Vgl (18)

qctqe
0= Vaslas ~ Vdslgs + Vaclde ~Vaclge (19)
Rotor side powers are as shown in Eqs. (20):

Pr = Vdrldr + Vquqr

and Q, =V,,i;, ~Vyi, (20)

Now, if we assume a lossless converter, having unity
power factor on the grid side of the converter, then:

F=F & 0.=0 21

Finally injected power into the grid becomes:

pP= Vaslas Vqs lqs

+ Vdcidc + vqciqc (22)

Q= Vqsids - Vdsiqs (23)
In generator, a single shaft motion equation model is
used and it is assumed that converter control can filter

shaft dynamics. For this reason, tower shadow effect is
not considered. Therefore:

=T, =T,)/2H, (24)
Te = l//alsiqs _l//qsids (25)

The relation between generator currents and stator flux
is given as in (26):



Vas = _((xS +xm)ids +xmidr) and

. . (26)
Wy = —((xS +x,, )iy + xmlqr)
Hence the electrical torque 7, is given by:
Te =X (iqrids - idriqs) @n

Then both the mechanical torque and the extracted
mechanical power equations are the same as reported for
SCIG turbine. Converter dynamics are simplified and
faster than considered electromechanical transients. Here

converter is modeled as an ideal current source. iy, , i,
are state variables and they are used to control both rotor
speed and voltage respectively. Converter currents
differential equations are as shown below in Egs. (28)

and (29):

: X, + X, o« 1
i, =|-———"=P (0,)/ o, —i, |— 28
r [ v Bel(en) q)TE (28)

i =Ky (V =V )=V /%, =iy (29)

* . . .
where P, (@, ) is known as power — speed characteristic

which approximately optimizes the wind energy captured
and it is calculated based on current rotor speed value.

In DFIG wind turbine, electromechanical torque
control and rotor excitation can be done by using back-
to-back converter. The converter size is a fraction of
generator rating and generally lies between 15 to 30%.
DFIG can be operated in both sub synchronous and super
synchronous speed because converter can operate
bidirectionally [21].

11.3.  Wind Model

In this paper a Weibull distribution wind speed model
with nominal wind speed of 15m/s is used, [20].
Representation of Weibull distribution is as follows:

Vi

F(vyck) = ikvje_( :) (30)
C

where v,, the wind is speed and c, k are constants whose
values are 20 and 2 respectively. Wind speed v, (t)

variation in terms of Weibull distribution is:

v (1) :[—M);‘ 31)

C

Here wind speed profile representation is in PU.
Weibull distribution is presented in this case as shown in
Fig. 1.
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Fig. 1. Weibull distribution wind speed

III. Transient Stability Analysis of
IEEE 14 Bus System

The ability of a synchronous machine to maintain a
synchronism with the power system when subjected to a
severe disturbance, like faults, breaker interruptions etc.
is known as transient stability. In this section a modified
IEEE 14 bus system transient stability analysis has been
performed when the considered system is connected to
SCIG, DFIG wind turbines.

At bus number 3, both SCIG and DFIG wind turbines
are connected as shown in Fig. 2 and Fig. 3 respectively.
Taking the results by connecting wind turbines at bus
number 3 has no particular importance, it has been
chosen randomly since at any bus the results may be
same.

Similar results may appear if wind turbines are
connected at other busses. Here a 3 phase fault which is
relatively a more severe fault, is applied at bus number 4,
at time r=3 seconds as shown in Fig. 2, and critical
clearing time for this fault is set to 150ms.
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Fig. 2. Wind turbines connected at bus 3 to modified IEEE14 bus
system When fault is applied at bus 4



Fig. 3. DFIG connection in the place of SCIG to modified
IEEE14 bus system

IV. Results and Discussion

Analysis of generator rotor angles, bus angles,
voltages at all buses and rotational speeds of generators
(when fault applied at bus 4) are shown in Fig. 4 to Fig.
11 for SCIG and DFIG based wind turbines. From Fig. 4
to Fig. 7 it is clear that the rotor angles and bus angles
deviation are higher in the case of SCIG than that with
DFIG.

Further, the rotor angle deviations are low in
magnitude and show better damping with DFIG. For the
voltage at individual busses and generator rotational
speeds (from Fig. 8 to Fig. 11), maximum peak and
oscillations reduce in case of DFIG when compared to
SCIG. Fig. 12 and Fig. 13 shows current waveforms of
direct and quadrature axis of DFIG wind turbine
respectively. Fig. 14 and Fig. 15 shows rotor speeds of
SCIG and DFIG wind turbines respectively.

The power electronic control provides more effective
damping in case of DFIG. The main disadvantage with
SCIG wind turbine is the requirement of more reactive
power to produce rotating magnetic field. Generally
external capacitor banks are used to compensate reactive
power in case of SCIG wind turbine. DFIG wind turbines
are advantageous as they can be able to supply active
power at constant voltage and frequency even though
rotor speed may vary.

DFIG wind turbine magnetization can be done from
rotor circuit itself to make reactive power control and
active power control independent to each other. In DFIG
system, rotor circuit can fed reactive power to the stator
through the grid side converter.

In this way, DFIG can support the grid more in terms
of power system transient stability. The comparison of
all these results demonstrate that DFIG based wind
turbines have shown better performance when system is
subjected to a severe fault while being tested for the
transient stability of the system.

Power angle in PU

10
time (s)

Fig. 4. Rotor angles of modified IEEE14 bus system with SCIG
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Fig. 5. Rotor angles of modified IEEE14 bus system with DFIG
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Fig. 6. Bus angles of modified IEEE14 bus system with SCIG
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Fig. 8. Voltages of modified IEEE14 bus system with SCIG
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V. Conclusion

In this paper an attempt has been made to study the
effect of wind integration on the transient stability of
power system using PSAT. Case studies are performed
on modified IEEE 14 bus system.

In the transient stability analysis, rotor angle stability,
voltage stability, bus angles at all busses and rotational
speeds of individual generators have been analyzed.

Among all transient stability related issues, DFIG
shows better performance and SCIG shows poor
performance. All results are visualized with graphical
representation. In SCIG only a single fixed capacitor is
present to supply reactive power and thereby to maintain
voltage profile. In DFIG, control is provided by the
power electronic converter by which it can either import
or export reactive power from the grid.

DFIG wind turbine is having not only power
electronics based control but also rotor side control.

These two inherent controlling techniques make DFIG
wind turbines quite efficient when power system
transient stability is considered.
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