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Abstract Transient stability (TS) is one of the major issues of wind power grid
integration. The reasons for transients are sudden severe disturbances such as faults.
To save the grid from severe damage we must concentrate on transient stability
management. A fixed-speed wind generator is easy to operate and reliable but it may
not operate effectively under critical conditions such as transient stability. Coming
to variable speed wind energy generators (WEGs) they can improve the TS of the
system, and the Doubly Fed Induction Generator (DFIG) is one among the variable
speed WEGs. In this work, the impact of DFIG on the TS of the power system
connected to the grid has been investigated, and also rotor resistance control method
is utilized to enhance the TS of the system. Here the proposed TS analysis has been
implemented on a Reliability Test System (RTS)-24 bus system. All the simulation
studies have been carried out in a MATLAB-compatible-based Power System Anal-
ysis Toolbox (PSAT) toolbox. From the obtained simulation studies it can be observed
that in DFIG wind turbine addition of external resistance has improved system tran-
sient stability and the system could reach steady-state quickly as damping ratio is
enhanced due to proportional relationship with the external resistance being added.
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Nomenclature

TS Transient stability

WEGs  Wind energy generators

DFIG  Doubly Fed Induction Generator
RTS Reliability Test System

PSAT  Power System Analysis Toolbox
NN Neural network

PLL Phase-locked loop

MG Microgrid

DDSG Direct-drive synchronous generator
CSWT Constant speed wind turbine
SCIGs  Squirrel Cage Induction Generators
GB Gearbox

VSC Voltage source converter

1 Introduction

Recently, power generation using renewable energy resources (RERs) is on an
increase due to the considerations of green energy. At the beginning of 2020, the
global installed RERSs utility-scale capacity stood at 2537 GW with wind and solar
PV combined contributing about 46% of the total global RERs share. In the modern
world, energy has a strong relationship with the socio-economic development of a
country. RERs are an adequate substitute for a conventional power system that can
provide greener, consistent, quality power with low network congestion and losses.
Wind energy availability is huge and it is eco-friendly. Nowadays, wind power gener-
ation has been increasing continuously throughout the world. Distributed generation
in the form of RERs produces dependency on conventional energy generation and
reduces the carbon footprint. Wind energy conversion system has several economic,
technical, social, and environmental challenges. Economic challenges include high
installation cost, technology challenges include power electronic converters (i.e.,
high power density converters and advanced cooling methods), controllers (pitch
angle controllers, inverter-side, and grid-side converters). At present fixed and vari-
able speeds, induction generators (IGs) are utilized for the generation of electrical
power by using the wind source. Thus the integration of wind energy into the utility
grid arise the issues such as rotor angle stability and transient stability (TS) problems.

In reference [1], a multilayered neural network (NN) is used to find the TS of
the power system by using the PSAT software. A simple DFIG wind turbine along
with its power converter model is simulated in [2] using DIgSILENT software to
meet the power demand. Enhancement of both voltage stability and TS has been
performed in reference [3] by using the wind energy converter with the help of P/Q
control and modern voltage source converter (VSC). Comparisons among various
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types of wind turbines according to their actual market share and cost-performance
have been proposed in references [4, 5]. An approach to improve voltage stability
by using a static compensator is proposed in references [6, 7]. The impacts of WEG
on the voltage and TS of power grids are examined in reference [8] by determining
the effect of variable and fixed speed grid-connected IGs on power systems voltage
stability. The voltage stability of the system with grid-connected fixed and variable
speed wind turbines has been investigated in reference [9]. The stability of grid-
connected DFIG by taking into account the phase-locked loop (PLL) dynamics is
proposed in reference [10].

The coordinated control of DFIG based WEG and the microturbine in a DC
microgrid (MG) with the constant power load has been proposed in [11]. In refer-
ence [12], the performance of grid-connected DFIG based wind turbine system with
gear-train backlash is analyzed. A nonlinear control method to coordinate DFIG
based WEGs and static compensators in multi-machine power systems are proposed
in [13]. Reference [14] presents various issues related to the stability of wind energy
systems with variable speed in weak and strong grids. Reference [15] investigates the
modeling and TS analysis of the integrated WEG system. Reference [16] presents
a comprehensive review among three main types of wind turbines, i.e., direct-drive
synchronous generator (DDSG), constant speed wind turbine (CSWT), and DFIG.
The small-signal stability of a grid-connected power system with squirrel cage induc-
tion generator using a PSAT analysis with localization of Eigenvalues is proposed in
reference [17]. The behavior of DFIG for grid disturbances has been simulated and
validated in reference [18].

As wind energy exhibits both uncertainty and variability, wind generation cannot
be dispatched on demand. It is also highly complex to forecast wind energy with
precision. When it is used in combination with conventional sources, it poses a lot
of challenges to grid operators in maintaining grid stability. Wind energy integration
also poses challenges like power quality, effective load management in the power
system. A few more issues such as power balance, wind power reserve management,
and voltage control of the power system will also pose challenges to the system
operator. Power quality is the deviation from original sinusoidal voltage and current
waveforms such as flickers, harmonics, voltage sag, and swell. The objective of
this work is to enhance transient stability (TS) of the DFIG connected system with
the optimum rotor resistance control method. This work mainly concentrates on TS
analysis and enhancement where it is a real challenging issue for grid-connected
wind turbine systems. Time-domain simulation analysis will give the overall impact
of transient stability on the system. The rotor resistance control method is used for
the first time in this chapter to improve the TS of DFIG connected to the RTS-
24 bus system. This chapter investigates the transient stability of the RTS 24 bus
system when DFIG (at bus number 14) is connected to it. The detailed mathematical
modeling of DFIG is also presented in this chapter. All these simulation studies are
implemented in PSAT software of version 2.1.8.

The chapter is organized as follows: Sect. 2 describes detailed mathematical
modeling of DFIG wind turbine and the implementation details of wind turbine
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integrated models for TS analysis using PSAT software. The description of the Reli-
ability Test System (RTS) 24 bus system is presented in Sect. 3. Section 4 presents
the results and discussion. Lastly, the chapter is summarized in Sect. 5.

2 Modeling of Doubly Fed Induction Generator (DFIG)

Integration of wind power into utility grid via grid-connected wind turbines creates
stability problems. These wind turbine generators are usually either Squirrel Cage
Induction Generators (SCIGs) or Doubly Fed Induction Generators (DFIG) that use
constant speed and variable speed wind turbines, respectively. The requirement of
reactive power by the wind turbines causes voltage stability issues. This stability
problem is also based on the amount of power integrated into the grid. The stability
problem is mainly divided into small signal stability and TS. Small signal stability
is due to the power system being subjected to a small disturbance that leads to
small incremental change in system variables. TS is due to the power system being
subjected to severe disturbances such as breaker and faults interruptions etc. In recent
times the majority of wind energy generation is done by DFIG based wind turbines.
The basic configuration and schematic view of DFIG are depicted in Fig. 1. The
DFIG is mainly combined with a gearbox (GB), induction generator, and converter.
In this work, a partial scale converter with the rating of 20% to 30% of DFIG is used
so that the speed can be varied within &£ 30% of the synchronous speed. A partial
scale converter makes DFIG more attractive in terms of economical point of view
[19]. Generally wound rotor (slip ring) induction generators are used as DFIG.

In Fig. 1, GB is the gearbox, GSC is the grid side converter and RSC is the rotor
side converter. GB is having more turns to improve wind speed to connect DFIG
[20]. RSC and GSC are used to regulate reactive power and slip power recovery.

WIND TURBINE

DFIG

GB GRID

"1

| —

o
2

RSC GSC

Fig. 1 The basic configuration of DFIG
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2.1 Mathematical Modeling of DFIG

Wind turbines with DFIG are used more often due to lower capital investment.
DFIG is dominating the wind turbine market with a total share of 84.5% to 86%.
Based on the operational characteristics, grid integration of wind turbines will lead
to small signal or transient stability issues. For the same wind turbine rating, DFIG
wind turbines have better reactive power regulation capability and transient voltage
stability characteristics when compared to traditional induction generators. This
section presents the mathematical modeling of DFIG. The steady-state expressions
of DFIG are assumed and they are represented by,

Vgs = —Fglgs + [(xs + X )igs —i—xmiq,] @))
Vgs = —Fsigs — [(Xs + Xp)ias + Xmiar] 2)
Var = —rriar + (1 = @) [(xr + Xn)igr + Xmiys ] 3)
Vgr = —TRigr — (1 — o) (xR + Xm)iar + Xmias] “4)

In the above equations, x,, and xg are magnetizing reactance and stator reactance
respectively. Similarly xz and rg are rotor reactance and resistance respectively [21,
22]. vgs, vgs are the stator voltages of d and q axes. Similarly vg,, v, are the rotor
voltages of d and q axes [23]. It may be noted that stator voltage mostly depends on
the magnitude and phase angle, and they are expressed as,

vgs = V sin(—0) )

Vgs = V cos(0) (6)
Here 6 is the angle between V and v,,. The active power (P) and the reactive
power (Q) that are injected into the utility grid depends on the stator and grid-side

currents of the converter. These are expressed as [24],

P = Udsids + quiqs + Udcidc + Uqciqc (7)

Q = vqsids - vdsiqs + Uqciqc - Udciqc (8)

These can be rewritten by considering the grid-side converter and converter power
equations and they are expressed as,

P, =v4ciqe + vqciqc (9)



284 D. Rakesh Chandra et al.

Qc = Uqcidc - vdciqc (10)
Rotor side active power (P,) and reactive power (Q,) are

Pr = vdridr + Uqriqr (1 1)

Qr = vqridr - vdriqr (12)
Further, if the converter is assumed to be lossless then the active power (P.) and
reactive power (Q.) on the converter side are P, = P, and Q. = 0. Finally, the

injected power into the grid is given by [25],

P = vysigs + quiqx + Variar + Uqriqr (13)
Q = quids - Udsiqs (14)

where iy, i, are the stator currents of the d and q axes, respectively. iy and iy,
are the rotor currents of the d and q axes, respectively. In the generator, the motion
equation of a single shaft model is utilized. In this work, it can be considered that
converter controls can filter the dynamics of the shaft. Therefore,

on = (T — Te) /2H), 15)

T, = I/fdsiqs - quids (16)

The stator flux and generator currents relationship can be expressed as,

lpds = _[(xs +xm)ids + xmidr] (17)
Ygs = _[(xs + Xm)igs + xmiqr] (18)

Vs and ¥, are stator fluxes on the d-axis and g-axis respectively. Then, electrical
torque (7) is expressed as,

Te = Xm (iqrids - idriqs) (19)

The mechanical torque (7,,) is given by [26],

Tn=— (20)
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2.2 Implementation of Wind Turbine Integrated Models
Jor TS Analysis Using PSAT Software

Wind power grid integration creates stability problems. The world is facing a severe
energy security problem with demand for energy going to be triple by 2050. Also,
increasing restrictions on conventional energy sources to resist environmental change
is giving rise to increased use of renewable resources for electricity production.
Wind energy being uncertain and dynamically generates the issue of the storage
facility when integrated into the grid. TS studies are addressed using PSAT which
is MATLAB-compatible software. TS studies have been done by applying a 3 phase
fault at time t = 3 s and the duration of fault is 150 ms. The step-by-step procedure to
implement the wind turbine integrated models for the TS analysis using PSAT [27,
28] is presented next:

e Step 1: Install PSAT software in MATLAB R2009a version.

e Step 2: Create the new data file (SIMULINK model) in PSAT (MATLAB
compatible toolbox) by clicking File/Open/New data file.

e Step 3: Construct SCIG wind turbine integrated to IEEE 14 bus system model
with 3 phase fault (at time t = 3 s and fault clearing time is 50 ms) in MATLAB
SIMULINK using PSAT library and save this file with a suitable name.

e Step 4: Give practical wind speed data as an input file to the wind turbine model
by editing the PSAT data file (.m model).

e Step 5: Load the data file by clicking “File/Open/ datafile/select data file (from
saved file)/load”.

e Step 6: After loading the data file, run power flow by clicking on the option “Power
Flow” (for this select Newton—Raphson method which is available in settings).

e Step 7: After executing power flow, carry out time-domain simulation (for this
select Trapezoidal method which is available in settings) by selecting the option
as “Time Domain” and simulate for 20 s of time (for this keep ending time = 20 s).
The system may reach a steady-state within 3—4 s. But to have further insight into
system behavior the study period is extended to 20 s.

e Step 8: After time-domain simulation, plot the curves such as rotor angles, bus
angles, and voltages, etc. for the time by clicking on the option “Plot” which is
on the right side of the PSAT tool-bar.

3 Reliability Test System (RTS) 24 Bus Test System

In this chapter, an RTS-24 bus test system has been used for the TS analysis and the
enhancement of grid-connected DFIG based wind turbine. This test system includes
10 generating units, one synchronous condenser, 4 transformers, and 38 transmission
lines. These transmission lines have two different voltage levels, i.e., 230 and 138 k'V.
The 138 kV is in the lower portion whereas 230 kV is in the upper portion connected
by 230/138 kV transformers at buses 11, 12, and 24. The wind turbine is connected
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to RTS 24 bus system at bus number 14 as shown in Fig. 2. The total generation of
all conventional generators is 2340 MW in the case of the RTS-24 bus system. As
mentioned earlier, at bus number 14 wind turbine generator (i.e., DFIG) with the
capacity of 240 MW (all wind turbines together) is integrated, which is more than
10% of total conventional generation. A three-phase fault was applied at the 11" bus
at time t = 3 s, and fault clearing time is set to 50 ms. In RTS 24 bus system, the
wind turbines are connected at bus number 14 which has been chosen randomly. A
3-phase fault is applied at the 11th bus as shown in Fig. 2. The fault is applied at t =
3 s and the fault clearing time is 50 ms.

Fig. 2 PSAT Simulated RTS 24 bus system with DFIG wind turbine at bus 14 and fault at bus
number 11
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4 Results and Discussion

The analysis of bus angles, rotational speeds of generators, generator rotor angles, and
voltages at all buses have been discussed in this section. The test system used for the
analysis is RTS 24 bus system with the integration DFIG wind turbine. Comparisons
of all the results of transient stability study under severe fault conditions are also
presented. DFIG wind turbines can supply the active power at constant frequency
and voltage despite rotor speed variation.

After execution of power flow, time-domain simulation has been carried out for
20 s. The fault is applied at t equal to 3 s to evaluate system transient stability and
fault is cleared at 50 ms. Figures 3, 4, 5 and 6 show the variation of rotor angles,
angular speed, bus angles, and voltage magnitudes of DFIG wind turbine integrated
RTS 24 bus system which is subjected to three-phase fault at bus number 11.

Figures 3, 4, 5 and 6 show that due to the application of the 3-phase fault atbus 11,
the rotor angles have varied from 1 to 1.4 radians, and finally reached to steady-state
as shown in Fig. 3. Figure 4 describes the variation of angular speeds in the range of
0.97-1.1 p.u and reached steady on the removal of a fault. Figures 5 and 6 indicate
that bus angles reached 0.15 radians, the voltage dropped to 0.3 p.u during the fault
and all these values have reached a steady-state after removing fault within simulated
time. From the above analysis, it can be concluded that the system is stable.

In the DFIG wind generator, the maximum peak overshoot is less, and hence
the steady-state is achieved in less time after clearing the fault. Further, with DFIG
transient stability can be improved using the rotor resistance control method and is
discussed in Sect. 4.1.
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Fig. 3 Rotor angles of different generators for 24 bus system with DFIG wind turbine, fault at bus
11
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Fig. 4 Angular speeds at different synchronous generators for 24 bus systems with DFIG wind
turbine, fault at bus 11

B5us 1

— 0,
— 6,
— 8,

Bus 2

Bus 3

Bus 4

Bus 5

Bus 6

Bus 7

Bus 8

Bus 9

Bus 10

Bus 11

Bus 12

Bus 13

Bus angle in radians

Bus 14

Bus 15

Bus 16

Bus 17

Bus18 =

Bus 19

Bus20 —— =

Bus 21

Bus 22 L

Bus 23

— 0,

6,
— 8,
— 6,
— 0,
— 8,
— 8,
— 0,

6,
— 8,
— 6,
— 8,
— 8,
— 8,
— 8,

6,
— 0,
— 8,
— 8,
— 6,

Time in seconds

Bus 24
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4.1 Transient Stability Enhancement of DFIG Integrated
RTS 24 Bus System

TS enhancement is the process of improving the system damping and reducing the
maximum peak overshoot and thereby helping the system to reach a steady-state
quickly. For stability improvement, external rotor resistance (variable resistance) is
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Fig. 6 The voltage at various busses for 24 bus systems with DFIG, fault at bus 11

added on the rotor side which is possible in DFIG (slip ring) based wind turbines and
this method is known as rotor resistance control. In this section rotor, the resistance
control method is used to enhance the TS of the RTS 24 bus system. This is the usual
practice in the case of a wound rotor (slip ring) induction generator to improve torque-
slip controllability. In this method, an external resistor is added to the rotor windings
through a power electronic converter. Adding external resistance on the rotor side
causes more losses. So, resistance should be selected optimally to improve TS as
well as considering losses. In the present work, external resistance is changed with
different values and finally fixed at 50% of the original value. Studies are conducted
on DFIG integrated RTS 24 bus system and results are discussed below. The rotor
resistance has been modified from 0.01 to 0.015 p.u, and all other parameters remain
unchanged in the waveforms shown below.

Figure 7 depicts the rotor angle enhancements with rotor resistance control of RT'S
24 bus system, fault at bus 11. Figure 7a presents the rotor angle enhancements with
R 15 0.01 p.u, X 15 0.10 p.u, R; is 0.01 p.u and X is 0.08 p.u. Figure 7b presents the
rotor angle enhancements with Ry is 0.01 p.u, X is 0.10 p.u, R; is 0.015 p.u and X,
is 0.08 p.u. In Fig. 7, the maximum rotor angle is 1.4 radians (approximately) before
adjustment of rotor resistance (from Fig. 7a) and after rotor resistance modification
maximum rotor angle is limited to 1.3 radians (from Fig. 7b).

Figure 8 depicts the angular speed enhancements with rotor resistance control of
RTS 24 bus system, fault at bus 11. Figure 8a presents the angular speed enhance-
ments with Ry is 0.01 p.u, X is 0.10 p.u, R; is 0.01 p.u and X is 0.08 p.u. Figure 8b
presents the angular speed enhancements with Ry is 0.01 p.u, X; is 0.10 p.u, R, is
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Fig. 8 Angular speed enhancements with rotor resistance control of RTS 24 bus system, fault at
bus11

0.015 p.u and X; is 0.08 p.u. In Fig. 8, the synchronous machine angular speed is
1.1 p.u before adjustment of rotor resistance (from Fig. 8a) and after modification of
rotor resistance, it is less than 1.06 p.u (from Fig. 8b).

Figure 9 depicts the bus angle enhancements with rotor resistance control of RTS
24 bus system, fault at bus 11. Figure 9a presents the bus angle enhancements with
R 15 0.01 p.u, X is 0.10 p.u, R, is 0.01 p.u and X; is 0.08 p.u. Figure 9b presents the
bus angle enhancements with R is 0.01 p.u, X is 0.10 p.u, R; is 0.015 p.u and X;
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Fig. 9 Bus angle enhancements with rotor resistance control of RTS 24 bus system, fault at bus 11

Bus 24

is 0.08 p.u. In Fig. 9, bus angles peak values are near to 0.15 radians with R is 0.01
p-u (from Fig. 9a) and 0.1 radians after adding external rotor resistance to 0.015 p.u
(from Fig. 9b).

The above case studies on test systems conclude that an increase in rotor resistance
improves the TS of the system. This is because of the proportionality of the damping
ratio with the resistance. As the damping ratio of the system increases the maximum
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peak overshoot and the oscillations of the system reduce thereby improving the TS
of the system. After execution of power flow, time-domain simulation has been
carried out for the 20 s. A fault is applied at t = 3 s to evaluate system transient
stability and fault is cleared at 50 ms. In DFIG wind turbine addition of external
resistance has improved system transient stability and the system could reach steady-
state quickly as damping ratio is enhanced due to proportional relationship with the
external resistance being added.

5 Conclusions

This chapter presents the transient stability (TS) analysis of power systems by incor-
porating the wind energy generators by Power System Analysis Toolbox (PSAT)
software. The detailed mathematical modeling of DFIG is also presented in this work.
In DFIG, the control action is performed by using a power electronic-based converter
that can be controlled by using rotor frequency, and hence the rotor speed. With the
help of this converter, the DFIG can import or export the reactive power support from
the main grid, and it has rotor-side control as well as power electronics-based control.
These controlling methods make DFIG wind turbines efficient. Further, in DFIG wind
turbine addition of external resistance has improved system transient stability and
the system could reach steady-state quickly as damping ratio is enhanced due to
proportional relationship with the external resistance being added. In the proposed
TS analysis, rotor angle variation, rotational speeds of individual generators, bus
voltages, and angles at all buses are analyzed. Simulation results are performed on
the RTS-24 bus system. All the obtained results are visualized with graphical repre-
sentation. It can be observed from the results that the deviations in the rotor angle
are low in magnitude and can show better damping by using the DFIG. As time
progresses, for the generator rotational speeds and voltage at individual busses, the
oscillations, and maximum peak values have reduced in the case of DFIG. Wind
power integration studies including the energy storage systems are the scope for
future research work.
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