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Abstract

This study proposes a adaptive controller for the reduce the subsynchronous resonance (SSR) for grid-
connected DFIG based wind energy conversion system considering the small signal effect of rotor side
converter (RSC) and grid side converter (GSC). For analysis of SSR considering different operating
conditions such as varying wind speed and compensation level, a unique mathematical model of DFIG
based windfarms presents in state space model. The model includes subsystems such as wind turbine,
DFIG, series compensated grid connected line and novel Rotor Side Converter RSC-GSC model. The
time domain analysis for SSR and and the effective SSR damping control technique is built in
MATLAB/SIMULINK. This technique avoids the addition of extra SSR Damping Controller (SSRDC)
and use an efficient Fuzzy Logic Controller (FLC) based single controller for RSC. This controller is
an effective dual-purpose controller and is utilizes for power control of the WECs as well as for damping
the torque due to SSR. Simulation results shows in dynamic condition electromagnetic torque
oscillation reduces significantly compares to conventional control. The FLC posses high disturbance
rejection capabily.

Keywords: wind energy conversion system, DFIG, fuzzy logic control, subsynchronous resonance,
damping controller.

Introduction

The continuously increasing usage of fossil fuels has adversely affected the economic growth of
developing countries. Therefore, it has become the need to increase the use of renewable energy
resources for electricity generation. The renewable energy sources such as solar, wind energy, etc., are
clean, surplus in amount and available for free of cost. Hence, the renewable energy sources are bridging
the energy gap. Out of all other renewable energy sources, wind energy has seen a vast growth in green
engineering. The cost of electricity from wind has reduced in the past years with the advancements of
technology. The WECs is widespread all over the world [1-2]. In the last few decades, research was
going on to improve the penetration of renewables into the power system. Hence, it is essential to
explore the interconnection of the wind farm to the grid/load centers and their related issues.

The global cumulative wind installed capacity is reached 733.28 GW by the end of year 2020. In the
last two decays, it increases from 16.93 GW to 7333.28 GW, a 4231.25% increase as shown in Fig. 1
[3].

Among the top ten wind installed capacity countries, India holds the fourth position after China, the
USA and Germany by the end of the year 2020 with 38.56 GW installed capacity, as shown in Fig. 2.
China alone holds a capacity of 281.99 GW, which is 7.3 times that of India. The market outlook for

9910



Abrar Ahmed Chhipa?, Vinod Kumar? and Prashant Kumar®

the global wind industry remains positive. The global wind energy market is expected to grow on
average by 4 per cent each year, even though the installed capacity for 2020 marked a new high [4].
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capacity during 2000-2020 Capacity, end of 2020

In India, wind power accounted for two-thirds of the renewable energy installed capacity. India's total
wind turbine installed capacity is around 38.56 GW up to 2020 as shown in Fig. 3. The government
aims to achieve 227 GW of renewable energy capacity (including 114 GW of solar capacity addition
and 67 GW of wind power capacity) by 2022, more than its 175 GW targets as per the Paris Agreement.
The government plans to establish a renewable energy capacity of 523 GW (including 73 GW from
Hydro) by 2030 [2].
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Figure 3. Total wind turbine installed capacity in India from 2000 to 2020

The Subsynchronous Resonance (SSR) phenomenon is a state in which the electrical network
interchanges the energy between the mechanical and electrical systems [5-6]. The system becomes
oscillatory at a frequency equal to the natural frequencies. The natural frequencies are below the system
synchronous fre quency [7-8]. This phenomenon is the resonance in the electrical system which is
resulted by the insertion of capacitive compensation. The electrical resonance frequency of the system
shown in Fig.4 is given in equation (1)

- fsJ Xe <1>

Xc+ XL+XSyS

Generator
XT

Figure 4. Single line diagram of Grid connected electrical network
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The phenomenon of resonance may lead to various power system issues such as instability, electrical
torque and power oscillations, turbine-generator shaft fatigue, etc.[9-10]. Therefore, a detailed
investigation of SSR oscillations is required in the WECs studies. Also, the research on effective
mitigation techniques of these SSR oscillations are important.

The SSR can cause different effects on the systems which are mainly classified into three types named
as Torsional Interactions (TI), Induction Generator Effect (IGE) and Torque Amplification (TA).

Based on the time required for the SSR oscillations to grow, it is classified into steady state and transient
SSR. IGE and TI are classified under steady state SSR. whereas, TA is derived from transient SSR.
Transient SSR occurs due to a large disturbance in the system.

The damping of SSR oscillations is a very big challenge in WECs. Many papers have investigated the
effect of SSR on SCIG based windfarms [11]. As the state of art WPP uses DFIG based generator, the
investigations on the effect of wind turbines on damping SSR is very important [12]. The torsional
interactions and their remediation for various WPPs are reported in [13], which can help in exploring
the damping of SSR.

The literatures show varied research on damping of SSR oscillations in SCIG using FACTS devices.
From these literatures, it is inferred that additional SSR damping controller (SSRDC) is required along
with the FACTS controllers for damping oscillations due to SSR. Additional controller may complicate
the entire system and make it bulky and inefficient. Recently, due to wide variations in speed and the
presence of readily available converters, DFIG has become more popular, in order to protect the DFIG
system from torsional interactions, the efficient damping controller has to be developed. Hence the SSR
oscillation investigator group started focusing on the analysis of SSR and its damping on DFIG based
wind system.

The SSR damping of a series compensated DFIG based windfarm is proposed in [14] with the help of
a controller incorporated along with the GCSC. The drawback is that this proposed model has DFIG’s
converter controllers and also a separate controller for the SSR damping in GCSC. Practically, the
decoupling of these controllers is not possible. Hence it may lead to the negative damping of the SSR
oscillations. The distance between the torque sensor and the voltage across series capacitor may lead to
delayed SSR damping.

Most of the controllers used for SSR damping are linear controllers [15-17]. The performance of these
controllers are poor under fast dynamic conditions. Most of the literatures reported the system model
of DFIG based wind farm without considering the dynamics of RSC and GSC. The RSC and GSC of
the DFIG system are considered as constant voltage source models. It has been observed that the
dynamics of these converters largely effects the stability of the system. In this work, the small signal
model of RSC and GSC is developed and integrated to the system model for the complete SSR analysis.
The stability of the complete system including RSC and GSC is analyzed for different operating
conditions.

The oscillations due to SSR can be damped by connecting SSRDC. Most of the literatures reported the
design of a separate SSRDC in DFIG based wind farms which can cause instability in the system due
to the interactions between other controllers [5]. The RSC and GSC works independently to control
active an reactive for power for the grid synchronization [8]. The proposes control technique control
the damping oscillations due to SSR frequencies. Since the SSR frequencies are different from the
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system operating frequencies, a completely decoupled SSR control is possible with the same existing
controller of RSC-GSC. The proposes technique is cost-effective as it does not require additional
SSRDC for the control of SSR.

Conventional controllers like P1 controllers are commonly used for damping of SSR oscillations. Under
fast dynamic conditions, these controllers are failed to give the required performance. A fuzzy based
controller is proposed in this research work which can easily adapt to the changes in the operating
conditions like wind speed variation and the capacitor compensation level variation of the transmission
line.
System Modeling for Subsynchronous Resonance Analysis

This section presents the detailed mathematical modelling of the series compensated grid-connected
DFIG based WTGs. To conduct a stability analysis on the proposed system, a detailed state space
modelling of the proposed system is developed. The complete system under study is divided into
different subsystems representing wind turbine, DFIG, series compensated transmission line, RSC-GSC
converter model and etc., Then the individual subsystems are integrated together to formulate the
complete system. The main novelty in this modelling is the incorporation of RSC-GSC dynamics into
the main system. By including the dynamics of RSC-GSC in the main system, the SSR analysis is more
accurate.

System Configuration

The system considered in this study is grid connected 2MW WEGS connected to the grid through the
long transmission line and its schematic is shown in Fig.5. The specifications of the 2MW WTG is
given in Table 1. The proposed system consists of multiple subsystems such as wind turbine, DFIG
machine, series compensated transmission line of inductive reactance (X.), series compensative
reactance (Xc), RSC- DC link-GSC and Grid. The transmission line reactance can be varied by varying
the capacitive reactance (Xc) connected in series with the line as shown in Fig. 5. PCC in Fig. 5is a
Point of Common Coupling.

2MW, Wind Turbine Generator Series Compensated Transmission Line

Stator Vd_‘ 5 Vq‘ PCC

Rotor-side VSC V . Grid-side VSC Pg l%
X

Grid

VY

Wind Turbine
Two mass P,

model

I+

Figure 5. Proposed system
Table 1.

7 «— |/
em = Rotor-side Grid-side &
Controll Controll ,
Q\I ontroller ontrolier — ,,”
2MW DFIG parameters

Parameter Value Parameter Value
Rated Power 2 MW Js 09s
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voltage 690V Dy 1.5pu
Xs 0.09231 pu Xig 0.3 pu
X 0.09955 pu DC link capacitor 1400 pF
R R, 0.00488 lz,l: 0.00549 K 0.5 10 50 pu
XL 0.5pu Ve 1200 V
Ji 429s

Modeling of DFIG

A 2MW DFIG based WTG parameters are considered. The stator and rotor currents are chosen as state
variables. Wind turbine is coupled with the DFIG through the shaft section. The assumptions are made
in the modelling are, (a) The effect of hysteresis and magnetic saturation are neglected, (b) Symmetrical
Stator and rotor parameters are considered and (c) The capacitance of the windings is neglected. The
equivalent circuit of the DFIG is given in Fig. 5.

[‘S RS .](UX l//.\' L/\ L/’ j (a)\ - (UI )W" R,. 1,‘
—AWW—O— MNEO—ANN—
I/ Lm l//" 8

Figure 5. Equivalent circuit of DFIG
For the steady state analysis, derivatives of flux linkages are equal to zero. Whereas for the dynamic
analysis, derivatives of flux linkages are considered. The magnetization circuit is represented by the
shunt inductance Ly by neglecting Ro. The stator and rotor voltages are transformed from abc to
synchronously rotating dg frame and are described by equation from (2) to (5).

. 1d

Vds = _Rslds +;S&l//ds Vs (2)
. 1d

V. =—Ri +="y - 3

as s'Qs a)s dX l//qs lr//ds ( )
. 1d

Vdr = _erdr + ;&I/ldr _qu (4)

S

. 1d
V, =—Ri, +——y_ - 5
qr r'gr CUS dX l//qr lr//dr ( )
Where s =, —, /@, , S©, = o, - o and o, —So, = o,

The flux linkages are given by equations (6) to (9).

Was =—(Xlgs + Xy ) (6)
Wes = —(Xige + Xpilyr) (7
Vo =—(Xig + Xige) 8
Vg = (X + X i) ©
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Rearranging and linearizing equation from (2) to (9), the state space matrix is give by equation (10)

X |~ AonJ[Xori ]+ B [Uoec) @0
Where
_ -Ro X, OX X, = Xio, + X o, Rao,X, Dy XX,
-X2+ X, X, ~X2+ X, X, —X2+ X, X, X2+ XX,
O X X, = X0, + X0y, -Rao X, g X, X, R X,
“X24 X, X, “X24+ X, X, —X2-X X, “X24+ XX,
[ADFIG]: 2
_stsxm wgoxrxs Rra)sxs meswaX,X5+a)g0XrXS
X2 - X, X, X2 - XX, X2 - XX, X2 X X,
a)ngXS —Rsa)sXm X;ws_a)sxrxs+ngrxs Rra)sXs
i X2 =X, X, X2 - X, X, X2 —X, X, X2 - X, X,
X;Iq50+xmxr|qr0 _ a)SXr CUSXm 0
“X24 X, X, “X24 X, X, —X24+ XX,
_a)SXrXS—X;c:)S+Xn21Iqso 0 X, X,
(B ] —X2+ X, X, —X2+ X, X, ~X2+ X, X,
DFIG XX lgso + X, X1y X, 0 o X,
X2 =X, X, X2 =X, X, X2 - XX,
_xmxsldso+xrxs|qr0 0 _ wsxm 0 wsxm
i X2 - X, X, X2 =X, X, X2 =X X, |
. . . . R . T
The state and control matrices are given by XDFIG:[ldS g g gy and

Upric =[ @5 Vi Vi Vi Vi ]T Agrc and By, indicate the system and control matrix of the DFIG

respectively.

Modeling of the Transmission Line

The assumptions are made in transmission line modelling are, (a) the transformer leakage reactance is
combined with the transmission line reactance, (b) the saturation effect of the transformer is neglected
and, (c) the effect of line charging capacitance is neglected.

The stator terminals of the DFIG are connected to the grid through the capacitive compensated
transmission line. The dynamic equations in dq frame of the series compensated transmission line are
given by equations (11) to (14). Differential Equations of the series compensated transmission line are:

R VPRI V) a
L=, -ty Ly, @

-g% Cd:zzii;:hd_ka%\Qq (13)

%ch = %ilq A (14)

After linearizing the differential equations frosr;es(ll) to (14), the state space model of series

compensated line is given by equation (15)
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X |=[ATX B @9

Where
-RIL @ YL 0 YL 0 -yL o
State matrix is [A]=|. “RIL 0 YL and control matrix s [B,]= 0 Wb 0 AL state
1/cseries 0 0 @y 0 0 0 0
0 ]'/Cseries —a 0 0 0 0 0

variable is X, =[i, i, Vi ch]Tand control variable is U, =[V,, V,, Vi Vbq]T.

A, and B, denote system and control matrix of the transmission line respectively. The network system

and control variables are expressed in a rotating synchronous reference frame at a speed of o, (314

rad/s). As the system is considered as balanced three phase systems, the zero sequence components are
neglected.

Modeling of RSC-GSC Converter

As the dynamics of RSC-GSC produces the large variations in the system, the modelling of the
converter is important. The converter modelling includes the DC link voltage. Fig. 6 shows the
interconnection of RSC and GSC along with the other subsystems. The dynamics of RSC-GSC
converter is given by the state space equations (16) to (20) [54].

Rusc: Lusc RSC GSC K

RSC'> GSC? I‘(ZS‘(‘

o WV
dro ¥ gr g g8
Connected J_
, —— Connected

” o [ul
bk T to PCC
L1, o
' DC-link
Capacitor
Figure 6. RSC-GSC converter
d. —Reoc - . M 1
o = R lgr + Oy — = Vdc + Vdr (16)
dX LRSC 2 LRSC LRSC
d. _RRSC i i Mqr 1
—l, = I, +ol, — V. + V 17
dX qr I—Rgc qr s dr s de csc dr ( )
—V,. = Ve +3Mm%r+3Mmhg (18)
dx R.Ci. 2C, 2C,.
d. -M, . Race - V
— gy ==V — @iy + iy —— (19)
dX 2LGSC LGSC LGSC
d. Mg . Ry. V.
— gy =V — @l + 0 - (20)
dX 2LGSC SC LGSC
The model is integrated with rest of the subsystem using the following equations
Vdg =V, — thiqg (21)
ng :Vqs + thidg (22)
idg = ids + ild (23)
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log =lgs g (24)

Where X, is the reactance between PCC and the GSC is given in Fig 2.1.

State space equation of the RSC-GSC is given by equation (2.63) after linearizing

|:XBBc:|:[ABBC][XBBC]+[BBBC][UBBC] (25)
—Rese /Lasc s Mg, /2Lgsc 0 0 Ylese 0 0 0
; ~Rese /Lrsc _Mqr/ZLRSC 0 0 0 Yhese 0 0
Where [Asc]=| 3M¢ /2C,, 0 -1/CyRye 0 —3My/2Cy | + [Basc]=| O 0 0 0 )
0 0 My /2LGSC Rese /Lesc _(ws - X\g) 0 0 ]'/LRSC 0
0 0 M /2lese (o, +Xy)  Rose/Lesc 0 0 0 Vi

L T T
XBBC:[Idr [ qu:l and Ugsc =V Vo 0 Vg Vqs:|

Proposed Control Scheme

The DFIG is always embedded with the RSC and GSC controller. The proposed controller
simultaneously controls the RSC and GSC for active and reactive power control for the compensation
and damping. This section discussed the integration of fuzzy based RSC controllers. Traditionally, four
PI controllers are required for each RSC and GSC converter. When there are high dynamic conditions,
the traditional PI controller in RSC does not works effectively. It is found from the analysis that the PI
gains of the RSC controllers are required to be changed manually during varying wind speed conditions.
In order to design an effective controller under fast operating conditions, a Fuzzy based RSC controller
is proposed and is more effective under dynamic operating conditions than P1 controllers. The controller
damps out the SSR oscillations effectively without the use of separate SSRDC. Also, this control
scheme reduces the number of PI controllers used in RSC control. Design of the proposed controller
and the system performance with this controller under different operating conditions are explained in
detail in the following sections.

RSC Converter Control using Fuzzy Logic Controller

During the varying wind speed and compensation level, conventional P1 controller become ineffective
and need gain parameter tuning for different operating condition. Hence, to overcome such problem the
Fuzzy Logic Control (FLC) is proposed. The membership functions of FLCs are derived from the design
of Pl controllers. The PI controller gains are tunned for different operating conditions. The input signals
(error) and output signals of the PI controllers for the varying wind speed are continuously monitored
with respect to its corresponding reference torque as given in Table 2.

Table 2
Operating conditions of 2MW WTG
Wind Speed (m/s) Torque (pu) Rotor Speed (pu) Power (pu)

6 0.285 0.7 0.2
7 0.426 0.75 0.32
8 0.588 0.85 0.5
9 0.73 0.96 0.7
10 0.82 1.1 0.9
11 1.07 1.17 1.25
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12 14 1.25 1.75

Variation in wind speed changes the reference toque as presented in Table 2. The PI controller-2 and
Pl controller 4 are manually tuned with respect to the reference torque for damping the torque
oscillations. The variations in the PI gains, signals X2, Xa, Y2 and Y4 in connection with PI controllers
2 and 4 are monitored for different wind speed conditions. The observed variations in the signals such
as Xz, Xs, Y2, Y4 form the membership functions of the fuzzy controller. Two existing PI controllers (2
and 4) in the RSC controller are replaced with FLC controller. The rest of the PI controllers 1 and 2 are
not to be retuned for the varying wind reference torque. While tunning the PI controller-1 and controller-
2 it revealed that it does not affects the SSR oscillations. Hence, they are not replaced with FLCs. The
number of basic input and output membership functions are based on wind speed variations considered
for this SSR analysis. The triangular membership functions are chosen. After evaluating the signal
variations for different wind speeds, PI controllers -2 and controller-4 are replaced with the FLC-B and
D respectively as shown in Fig. 7 and 8. Fig 9. and 10 are the output membership functions such as Vg,
Vqrof FLC-B and D for the wind speeds of 7m/s, 8 m/s and 9 m/s.

D000l g

FLC-B

Figure 7. RSC controller loop 1 with FLC-B Figure 8. RSC controller loop 2 with FLC-D
1 4 v V { V Vv V

' drl dr2 dr3 qrl qr2 qr3

0.5

0
-0.05  -045  -0.04 -0.035 -0.03 -0.025  -0.02

0.38 0.42 0.46 0.50 0.54 0.58

Figure 9. Output membership function of FLC-B  Figure 10. Output membership function of FLC-
Vdr D Vqr

There are two types of inference systems such as Mamdani inference systems and Sugeno. Mamdani
inference systems are intuitive, they have widespread acceptance and well suited for human input.
Hence it can be used to model very complicated nonlinear systems. Hence, Mamdani Fuzzy inference
system is used in FLC. Using Multi input multi output technique, the rules of FLC-B and D are
combined together to form a single FLC (SFLC) as shown in Fig. 11.
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Figure 12. Single FLC controller with the membership functions.

Fig. 12 shows the multi input multi output FLC along with the membership functions. As the wind
speed changes, FLC adopts the corresponding membership functions using IF-THEN rule base to inject
a required rotor voltage. This is done automatically after the defuzzification for the regulation of
electromagnetic torque and stator reactive power. If there is a dynamic wind speed variation, Pl
controller will fail to provide the proper control. Whereas, FLC responds effectively during these
conditions. Also, proposed RSC-GSC converter control is well suited for grid voltage drop. The
proposed controller is the modified DFIG’s own RSC converter control, hence replaces PI controllers
and is effective for damping out SSR oscillations in addition to its main functions such as active-reactive
power compensation and grid synchronization. The separate SSRDC and individual SSR damping loop
in RSC are eliminated. Table 3 describes Pl and FLC controller input and output signals. The simulation
results are discussed in next section.

Table 3

Input and output signals of FLC

Input Error Signals to

Pl Replaced by controllers/Input membership Output Slgnals_/ membership
FLC . functions
functions
P|'2 FLC'B ><2 = Idr,ref - Idr,act Y2 :Vdr
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Pl1-4 FLC-D XA = Iqr,ref - Iqr,act Y4 :Vqr

PI gain values of all the PI controllers of GSC and RSC are listed out in Table 4 and 5 respectively for
different wind speed conditions. The dynamics of the generators and the electromagnetic torque
oscillations are mostly involved and handled by RSC controllers, not on GSC. It is found from Table 4
that it is not necessary to adjust the P1 gains of GSC controllers for the wind speeds between 7 m/s and
12 m/s. Hence, the GSC controllers are not replaced with FLC. It is perceived that there is a need to
change the Pl gains of PI controller 2 and 4 for the effective damping of electromagnetic torque
oscillations.

Table 4
Pl gains of GSC controllers
PI-5 PI-6 PI-7 PI-8
Ko 0.2 0.0001 0.08 400
Ki 0.0001 0.0001 0.0001 0.0001
Table 5
Pl gains of RSC controllers
Wind Speed Pl gains Pl-1 PI-3 PI-2 Pl-4
7m/s 0.01 2
8 m/s 0.02 4
9m/s Ko 0.05 0.05 0.03 6
10 m/s 0.03 6
12 m/s 0.03 8
7m/s 0.001 0.001
8 m/s 0.001 0.001
9m/s Ki 0.001 0.001 0.002 0.002
10 m/s 0.002 0.002
12 m/s 0.002 0.002

Results and Discussion

System Performance Analysis under Steady State Operating Conditions

The steady state analysis of the integrated system is performed and the results are analysed for various
operating conditions such as varying wind speed, different compensation levels, with and without RSC
controllers. Fig.13 and 14 show the variation of torque and speed for a wind velocity of 8 m/s and 50%
capacitive compensation level of the line. When there is no control, the system becomes unstable, and
the oscillations found to be growing. With the RSC and GSC control, the torque and speed settle to its
steady state value within less time.

System performance with the proposed controller is analyzed when the capacitive compensation of the
line changes from 30% to 90% of X, at the wind speed of 7 m/s. The variations of torque and speed are
shown in Fig. 15 and 16 respectively. The negative torque in simulation results represents that the
machine is operating in generating mode. Fig. 15 shows the electromagnetic torque oscillations for
different capacitive compensation for the wind speed of 7 m/s with the proposed controller. From Fig.
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15, it is noticed that, as the compensation level increases, torque oscillations magnitude is also
increasing. Due to the controller action, the oscillations are kept under control but taking more time for
higher compensation levels to reach steady state.
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Figure 13. Variation of Electromagnetic torque  Figure 14. Variation of rotor speed (wind speed -
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Figure 15. Variation of Electromagnetic torque Figure 16. Variation of rotor speed for different
(wind speed of 7 m/s) compensation levels (wind speed of 7m/s)

Fig. 16 shows the variations of rotor speed for different capacitive compensation levels at 7 m/s wind
speed. The rotor speed oscillations rise with the increase in compensation levels and the oscillations are
kept under control with the action of controller. Fig. 17 to 18 show the performance of the system for a
varying wind speed from 7 m/s to 9 m/s at 50% of compensation level. The controller responds faster
in varying wind speed conditions. As the wind speed increases from 7 m/s to 8 m/s and to 9 m/s, the
value of electromagnetic torque adapts to the value corresponds to the reference torque as shown in Fig.
17. It is detected from the Fig. 17, the amplitude of torque oscillations increases with the increase in
wind speed. Similarly, the rotor speed attains the value for the varying wind speeds corresponds to
maximum power conditions as per the data given in Table 2 as shown in Fig. 18.
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Figure 17. Variation of Electromagnetic torque
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Figure 18. Rotor speed for various wind speeds

Fig. 19 and 20 show the torsional torque or twisting torque (torque between masses — turbine and

generator) of DFIG for a speed of 7 m/s and 8 m/s respectively for the 50% of line compensation.
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Figure 20. Variation of torsional torque (wind

speed - 8 m/s)

Fig. 21 shows the variation in electromagnetic torque due to an increase in wind speed from 7 m/s to
10 m/s for a constant capacitive compensation level of 50%. It is inferred from Fig. 21 that as the wind
speed increases, the variation of the initial overshoot in torque oscillations magnitude increases but
settling to steady state conditions within the same time. Fig. 22 shows the variations in stator reactive
power with the RSC controller. In this case, the reference value of the stator reactive power is kept as
zero (Unity power factor) and it has been observed that the reactive power reaches the desired value
very quickly with the help of the proposed FLC controller.

0 T

=
[Ny

-0.4}

Electromagnetic Torque (pu)
. ' .

7 m/s
10 m/s

4 6 8
Time (Sec)

10

Reactive power (pu)

-0.05

-0.1

-0.15

4., 6
Time (Sec)

9922



Abrar Ahmed Chhipa?, Vinod Kumar? and Prashant Kumar®

Figure 21. Variation of Electromagnetic torque Figure 22. Variation of Stator reactive power
for different wind speeds (50%-line (wind speed — 7 m/s, 50% line compensation)
compensation)

The DC link voltage is regulated by the conventional Pl based GSC controller. Fig. 23 shows the DC
link voltage which is maintained at a constant voltage of 1200V with GSC control. Fig. 24 shows the
voltage across the series capacitor which is connected in series with the transmission line, for the wind
speed of 7 m/s, at 10% compensation level. An increase in the compensation level increases the voltage
across the capacitor. The voltage across the series capacitor becomes unstable when there is a high
compensation level 90% as shown in Fig. 25.
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Figure 23. DC link Voltage with GSC controller  Figure 24. VVoltage across the series capacitor at
7 m/s wind speed with 10% compensation

Fig. 26 and 27 show the stator voltage with 30% and 90% compensation level for the wind speed of 7
m/s respectively. When the compensation level increases, stator voltage oscillates around 1 pu and
becomes unstable. Fig. 28 shows the increase in an oscillation of torque when the PI gain is improper.
This result is obtained for the wind speed of 9 m/s and the compensation level of 50%. If the PI
controller is not tuned properly, then the magnitude of oscillations has become high and the system
moves to unstable conditions.
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Figure 25. Voltage across the series capacitor for ~ Figure 26. Variation in Stator Voltage for 30%
a speed of 7 m/s, at 90% compensation level compensation level
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Figure 27. Variation in Stator Voltage for 90% Figure 28. Variation of Electromagnetic torque
compensation level (not tuned P1 controller, wind speed — 9 m/s)

In all these analyses, it has been observed that by the proper control of RSC and GSC, the system can
be operated in the stable conditions. A comparison of the system performance with FLC controller and
PI controller is explained in next section.

System Performance Analysis under Dynamic Conditions

The performance of the system with the proposed controller is analysed under dynamic conditions.
Most of the cases, under steady state conditions, the conventional PI controllers are sufficient. But when
the system is undergoing fast dynamic conditions, these conventional controllers will fail to give the
required performance due to poor adaptability. In such conditions, the FLC based controller performs
far better than the conventional controller. In this section, the system performance is evaluated under
dynamic changes. Also, the performances are compared with the Pl controllers. In Fig. 29, the wind
speed is varied from 7 m/s to 8 m/s then it is changed to 9 m/s at 7.5 Seconds and 15 Seconds
respectively.

Fig. 30 shows the variations in electromagnetic torque and rotor speed of the turbine generator shaft for
the varying wind speed pattern as shown in Fig. 29 with 50% compensation. When the wind speed
varies, FLC based RSC controller parameters are tuned automatically and hence the response becomes
faster. In the next case, the wind speed of the system is varied from 7 m/s to 12 m/s similar to a ramp
signal. The torque oscillations of the system are compared with Pl and Fuzzy based controller at 50%
compensation level.
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Figure 29. Variation of wind speed Figure 30. Variation of torque and speed for
varying wind speeds

9924



Abrar Ahmed Chhipa?, Vinod Kumar? and Prashant Kumar®

The comparison result is described in Fig. 31. As the FLC adapts the controller gain by itself, compared
to PI controller, the magnitude of oscillation with FLC is lesser than PI. Fig. 32 shows the Fuzzy Vs Pl
controller comparison when the wind speed is changing from 7 m/s to 8 m/s in a step manner at 5
Seconds for a constant compensation level of 50%. The PI controller gain in this condition is tuned for
the wind speed of 8 m/s. When the wind speed is 7 m/s till 5 Seconds, as the PI controller gains are not
changed for 7 m/s, the performance of the Pl is not effective till 5 Seconds. Hence, produces more
torque oscillations than FLC. After 5 Seconds, the wind speed is increased to 8 m/s. As PI gains are
tuned already for the wind speed of 8 m/s, the response of Pl and FLC are similar. The FLC adapts the
variations in the wind speed and gives the satisfactory response for both the speeds. As the grid
condition changes, the system performance is affected. The performance of the controller is tested for
the grid voltage variations. The results are analysed for the drop in the grid voltage under dynamic
conditions. The grid voltage is dropped from 1 pu to 0.82 pu between 4 Seconds and at 6 Seconds.

Fig. 33 shows the response of electromagnetic torque oscillations with PI- based RSC and FLC based
RSC under grid voltage variations at a wind speed of 7 m/s and at a compensation level of 50%. The
profile of the electromagnetic torque is not affected much during the grid voltage drop between 4
Seconds and 6 Seconds by using FLC. It is detected that there is a small magnitude of overshoot in
torque at 4 Seconds and 6 Seconds during grid voltage variations. With the Pl-based RSC, the response
is not satisfactory, as this controller takes a longer period to respond to the voltage variations. Similarly,
rotor speed response with Pl and Fuzzy controller is shown in Fig. 34. It is noticed that FLC provides
better performance compared to the Pl controller.
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From these simulation results, it has been observed that under fast dynamic conditions, the proposed
FLC shows the better system performance compared to conventional PI controllers.

In DFIG based WPPs, RSC-GSC converters are controlled for grid synchronization and the active -
reactive power control. This chapter proposes an additional decoupled control responsibility for RSC-
GSC controllers for damping oscillations due to SSR frequencies. This eliminates the use of additional
SSRDC and controller interactions.

A fuzzy based RSC controller is designed to damp SSR oscillations and the performance of the system
with the proposed controller is tested. It has been observed that the proposed controller is very effective
in damping SSR oscillations under fast dynamic conditions compared to conventional Pl controllers.
Also, the existing control technique for RSC in DFIG can be easily modified to suggested technique to
damp out SSR oscillations and hence a separate SSRDC in addition to DFIG’s own converter is
eliminated in this model.

Conclusion

Series compensation gives rise to dynamic instability and subsynchronous resonance in the system. In
this paper, the detailed SSR analysis of 2MW grid connected DFIG based windfarm was conducted by
developing a detailed mathematical model of the system including the RSC-GSC dynamics for accurate
analysis. The proposed model is found to be well suited for the small signal stability analysis. As the
operating conditions like wind speed, compensation levels of transmission line etc., are varied, some
oscillating modes become unstable and the work proposed the development of Fuzzy based controller
for the RSC to damp SSR oscillations together with its own control responsibilities. So this proposed
controller can be used to regulate the real and reactive power as the system requirement changes and
also damps out the oscillations due to SSR. This is a novel effective solution for damping SSR
oscillations because a separate SSRDC is not used which can reduce the total cost and complexity of
the system control design. To extend this work, RSC-GSC converters of DFIG can be replaced with
matrix converter and development of controllers that can adapt to the system changes can improve the
system performance.
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